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SUMMARY 

The  ARPA  funded  ceramic  bearing  technology  projects  address  the  issues  of  reliability  prediction 
of  ceramic  bearings  and  bearing  components.  This  particular  project  is  aimed  at  developing 
reliability  prediction  techniques  for  silicon  nitride  ceramic  bearings  by  using  the  basic  approach 
of  material  testing  of  current  state-of-the-art  bearing  grade  silicon  nitride  ceramics. 

Introduction  and  Background  (Sect.  1) 

Two  types  of  commercially  available  hot  pressed  silicon  nitrides  (HPSN)  were  selected  for 
testing  and  evaluation.  These  two  baseline  Si3N4  were  Toshiba  TSN-03H  and  Cerbec  NBD-200. 

Two  kinds  of  testing  were  performed  in  this  project  using  the  above  mentioned  ceramic 
materials.  One  was  the  rotating  beam  fatigue  test  and  the  other  was  the  hybrid  ceramic  ball 
bearing  endurance  test.  The  development  of  improved  reliability  prediction  techniques  started 
with  the  material  characterization  of  the  fatigue  properties  which  were  achieved  by  applying 
statistical  methods  and  reliability  theory  (of  ceramics)  to  the  rotating  beam  test  data  of  the  two 
baseline  materials.  The  volume  flaw  assumption  was  used,  which  permitted  the  failure 
probability  to  be  expressed  in  terms  of  a  volume  integral  of  a  function  of  tensile  principal  stress, 
the  stress  cycles  and  the  material  constants  evaluated. 

Rotating  Beam  Fatigue  Tests  (Section  2) 

The  rotating  beam  specimens  were  finished  from  the  rod  blanks  by  Chand-Kare  Engineering 
Ceramics,  Worcester,  MA.  Diamond  wheels  of  600  grits  were  used  with  longitudinal  grinding 
applied  for  the  final  finishing  of  the  specimens.  The  average  rms  surface  roughness  was  0.4  /xm. 
Rotating  beam  fatigue  tests  were  performed  at  room  temperature  using  four  testing  machines. 
122  specimens  were  tested,  which  consisted  of  62  Toshiba  specimens  and  60  Cerbec  specimens. 
Most  of  the  tests  were  performed  with  maximum  bending  stress  in  the  range  of  600-850  MPa. 
Three  test  completion  modes  were  encountered,  i.e.  fast  fracture  at  setup,  fatigue  fracture  and 
runout  (no  failure).  The  total  number  of  fast  fractures  was  14.  Also,  about  50  specimens  were 
subject  to  multiple  load  or  step-up  load  tests,  most  of  which  eventually  failed. 
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Rotating  Beam  Data  Analysis  and  Material  Characterization 
(Section  3) 

Statistical  methods  were  applied  to  the  rotating  beam  data  in  two  ways,  both  using  the  maximum 
likelihood  technique.  The  first  was  to  apply  the  maximum  likelihood  method  to  test  data  at 
constant  load  or  maximum  stress  (a)  using  available  Weibull  analysis  software.  This  was 
followed  by  a  regression  analysis  applied  to  the  median  life  versus  stress  relationship  to  obtain 
the  fatigue  exponent.  The  second  method  treated,  for  each  material,  all  the  test  data  at  different 
loads  at  once,  including  those  with  multiple  load.  In  this  analysis,  a  Weibull  distribution  was 
assumed  apriori  to  exist  between  the  failure  probability  and  the  quantity  ’effective  fatigue  cycles’ 
i.e.  Eu"  Nj,  where  the  index  j  is  for  different  load  steps.  The  median  value  of  the  effective 
cycles  was  then  used  to  calculate  the  crack  growth  constant  (B)  in  the  failure  probability 
formulation  for  a  stressed  volume. 

Hybrid  Ball  Bearing  Endurance  Test  (Section  4) 

Endurance  testing  was  performed  with  206  size  hybrid  ball  bearings  using  sudden-death  method 
for  a  total  of  48  bearings,  24  for  each  ball  material.  The  bearings  were  liquid  lubricated  with 
full  EHL  film  separation  between  ball  and  races.  The  bearings  with  Cerbec  balls  suffered  one 
early  failure,  while  the  rest  were  suspended  at  a  maximum  of  about  1500  hours.  For  the  bearings 
with  Toshiba  balls,  there  was  one  ball  failure  in  each  of  the  four  groups.  The  failure  lives  were 
in  the  range  of  70-170  hours.  In  all  the  failed  bearings,  no  failures  were  found  to  be  initiated 
from  the  steel  raceways.  Failure  analysis  of  the  spalled  balls  showed  that  three  balls  contained 
fragments  of  metallic  inclusions.  No  large  inclusions  were  found. 

The  maximum  likelihood  method  was  used  to  analyze  the  ball  failure  data.  The  Weibull  slope 
of  the  test  bearings  with  Cerbec  balls  was  very  low  (0.23),  which  is  in  qualitative  agreement 
with  the  rotating  beam  test  results.  The  low  variability  of  failure  lives  (or  Weibull  slope  =  3.1) 
in  the  Toshiba  balls  was  not  consistent  with  the  rotating  beam  test  data. 
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Contact  Stress  and  Failure  Probability  Prediction  for  Ceramic  Rolling  Body 
(Sections  5  and  6) 

For  elliptical  Hertzian  contact  stress  field,  with  or  without  sliding  friction,  the  subsurface  tensile 
stress  distribution  was  analytically  determined  and  used  as  input  to  the  volume  integration  of  the 
stressed  volume  around  the  rolling  track  of  a  ceramic  rod  or  ball.  Numerical  examples  were 
used  to  obtain  the  failure  probability  of  the  ceramic  rod  in  the  RCF  rig  and  a  ceramic  ball  was 
used  in  the  thrust  loaded  ball  bearing. 

Conclusions  (Section  7) 

The  work  performed  led  to  a  number  of  conclusions.  The  highlights  are  listed  below: 

•  Most  rotating  beam  tests  of  these  two  baseline  materials  were  performed  in  the  maximum 
bending  stress  range  from  600-850  MPa,  within  which  three  completion  modes  occurred,  i.e., 
fatigue,  runout,  and  fast  fracture. 

•  Many  of  the  failures  can  be  traced  to  material  flaws  in  the  silicon  nitride  specimens. 

•  The  fatigue  data  of  the  rotating  beam  tests  have  wide  scatter. 

•  The  statistically  determined  fatigue  exponents  were  higher  than  steel;  the  values  of  fatigue 
exponents  for  the  two  materials  were  drastically  different. 

•  Failure  probability  was  determined  for  the  RCF  ceramic  rod  and  hybrid  bearing  ball  sets, 
which  shows  strong  dependence  on  maximum  contact  pressure  and  sliding  friction  coefficient. 

Technology  Transfer  Issues 

1.  Four  spalled  TSN-03H  balls  and  one  spalled  NBD-200  ball  were  sent  to  Mechanical 
Technology,  Inc.  These  failed  balls,  together  with  several  new  balls  of  the  two  materials  and 
unfailed  balls  from  the  failed  bearings,  also  were  tested  using  laser  scattering  technique  by  Dr. 
Bill  Ellingson  of  the  Argonne  National  Laboratory. 

2.  Several  new  and  survived  rotating  beam  specimens  were  sent  to  the  Argonne  National 
Laboratory  for  laser  scattering  measurement. 

3.  A  total  of  28  failed  rotating  beam  specimens  (14  for  each  material)  were  sent  to  Professor 
Jack  Mecholsky  of  the  University  of  Florida’s  Department  of  Material  Science  (an  AFOSR 
contractor)  for  fractography,  fracture  toughness  and  other  fatigue  studies. 
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4.  One  failed  rotating  beam  specimen  (B14)  of  NBD-200  material  was  sent  to  Cerbec  Inc.  and 
Norton  Research  Center  for  evaluation. 

5.  Rotating  beam  fatigue  life  data  have  been  made  available  to  Enceratec,  Inc.  and  NASA  Lewis 
Center’s  Structural  Integrity  Group. 

6.  Technical  presentations  were  made  in  the  International  Rolling  Element  Bearing  Symposium 
at  San  Diego,  CA  (April  12-14,  1994),  Saint-Gobain  (Norton)  Research  Center,  Northboro,  MA 
(November,  1993)  and  the  Army  Material  Technology  Laboratory  at  Watertown,  MA  (March, 
1993). 

Appendices  - 

The  five  appendices  contain  the  detailed  rotating  beam  test  data,  the  detailed  formulations  for 
stress  volume,  and  the  maximum  likelihood  analysis,  as  well  as  the  hybrid  bearing  test  report 
from  the  bearing  test  laboratory. 
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1.0  INTRODUCTION  AND  BACKGROUND 


Future  DoD  systems  require  enhanced  performance  and  durability  for  precision  moving 
mechanical  assemblies  and  actuator  designs.  Ceramic  materials  and  advanced  technologies 
applied  to  bearings  and  bearing  components  can  meet  these  requirements  by  offering  lighter 
weight,  lower  wear,  better  corrosion  resistance,  higher  preloads,  and  improved 
geometric/dimensional  stability.  The  principal  barriers  that  have  prevented  the  exploitation  and 
wide  acceptance  of  ceramic  bearings  are  low  operational  reliability  and  high  cost. 

The  ARPA  funded  ceramic  bearing  technology  projects  address  the  issues  of  reliability  prediction 
of  ceramic  bearings  and  bearing  components.  This  particular  project  was  aimed  at  developing 
reliability  prediction  techniques  for  silicon  nitride  ceramic  hybrid  bearings  by  using  the  basic 
approach  of  material  testing  of  current  state-of-the-art  bearing  grade  silicon  nitride  ceramics. 

1 . 1  Objectives  and  Approaches 

The  objectives  of  this  project  were  two-fold.  The  first  was  to  establish  a  database  for  the  effect 
of  silicon  nitride  microstructure  (flaw  defects)  on  cyclic  fatigue  life  using  rotating  beam  fatigue 
(RBF)  and  hybrid  bearing  tests.  Such  microstructure  includes  "defects,"  such  as  voids, 
inclusions,  second-phase  particles  as  well  as  surface  defects.  The  second  was  to  develop 
improved  reliability  prediction  methodology  for  hybrid  silicon  nitride  rolling  elements. 

The  approaches  of  the  project  were  as  follows: 

1.  Perform  rotating  beam  fatigue  (RBF)  testing  of  two  high  quality  Si3N4  materials. 

2.  Apply  contact  stress  and  statistical  theory  to  predict  bearing  life  using  RBF  test  results. 

3.  Conduct  confirmatory  endurance  tests  with  hybrid  bearings  using  ceramic  balls  of  the  same 
two  materials. 

Figure  1  shows  a  flow  chart  of  this  research  for  Bearing  Life  Prediction  based  on  the  material 
flaw  failure  model.  It  has  shown  that  material  selection,  testing  and  characterization,  as  well 
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as  the  application  of  reliability  prediction  techniques  and  contact  stress  theory,  were  needed  in 
this  research. 

1.2  Background  of  the  Problems 

The  great  majority  of  rolling  bearings  used  in  applications  today  are  made  of  alloyed  steels  of 
hardness  around  Rc  60.  The  use  of  ball  and  roller  bearings  in  machines  and  vehicles  is  more 
than  one  century  old.  The  reliability  of  rolling  bearings  (or  service  life)  has  been  greatly 
improved  with  the  improvement  of  steel  quality,  especially  the  cleanliness  of  steels,  by  the 
development  of  the  vacuum  melting  process  and  special  alloyed  steels.  These  improvements  in 
steel  quality  (i.e.,  microstructure  and  strength)  have  greatly  reduced  the  likelihood  of  the  so- 
called  subsurface  failures  and  lengthened  the  service  lives  of  bearings. 

Modern  rolling  bearing  materials  are  expected  to  stand  extreme  high  contact  stresses.  Therefore, 
among  many  available  advanced  ceramics,  only  the  so-called  bearing  grade  hot  pressed  silicon 
nitrides  (HPSN)  are  currently  being  considered  as  the  material  of  choice  for  ceramic  rolling 
element  bearing  components. 

In  [1]*',  Ebert  gave  an  extensive  review  of  silicon  nitride  material  for  ceramic  bearings.  In 
comparing  silicon  nitride  and  steels  for  aerospace  bearing  applications,  he  pointed  out  that  silicon 
nitride  is  superior  in  its  low  density,  high  temperature  hardness  and  strength.  However,  at  low 
(or  room)  temperature,  silicon  nitride  has  bending  strength  lower  than  bearing  steel.  Ebert  also 
stated  that  the  life  of  modern  hybrid  bearings  approaches  that  of  steel  bearings  at  the  same 
maximum  stress  level.  Katz  et  al.  [2],  in  a  review  and  assessment  of  ceramics  for  high 
performance  bearings,  pointed  out  that  the  current  problem  areas  consist  of  brittleness,  different 
design  practices,  reliability,  reproducibility  of  product,  and  cost.  Zaretsky  [3],  in  1989, 
reviewed  the  rolling  contact  fatigue  data  of  silicon  nitride  in  tests  performed  in  the  70’s  and 
concluded  low  reliability  in  silicon  nitride  rolling  element  when  compared  with  modern  bearing 
steels  used  in  the  aerospace  applications.  However,  during  the  past  15  years,  material 


Numbers  in  brackets  indicate  references  listed  beginning  on  page  117. 
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improvement  has  significantly  changed  this  assessment. 

Much  test  data  of  hybrid  silicon  nitride  rolling  element  bearings  are  now  available,  indicating 
spalling  as  a  major  failure  mode  as  in  steel  material.  While  the  origin  of  spalling  in  ceramic 
balls  cannot  be  easily  identified  in  many  failed  hybrid  ball  bearings  [4] ,  tests  with  RCF  tested 
at  very  high  contact  stress  ( >  6  GPa  or  900  ksi)  clearly  show  cracking  at  the  edge  of  the  rolling 
track.  Lucek  [5],  Baumgartner,  et  al.  [6]  and  Katz  [7]  have  attributed  this  failure  to  the  high 
tensile  stress  at  the  edge  of  a  Hertzian  contact.  A  similar  finding  has  been  reported  [8]  for  the 
track  edge  cracking  on  silicon  nitride  rings  in  full  ceramic  ball  bearings. 

It  is  generally  believed  that  because  of  the  recent  rapid  progress  in  the  development  of  new 
bearing  grade  silicon  nitrides,  rolling  contact  endurance  test  data  of  silicon  nitride  materials  over 
five  years  old  may  be  considered  to  be  obsolete. 

As  new  silicon  nitride  materials  have  been  developed  to  achieve  improved  performance  in  hybrid 
bearings,  one  of  the  major  difficulties  is  the  lack  of  an  established  understanding  of  the 
dependence  of  fatigue  performance  on  microstructure  and  mechanical  properties.  For  advanced 
ceramic  materials,  there  are  no  standard  materials,  no  standard  processing  techniques,  no 
standard  fatigue  test  procedures,  no  NDE  method  for  evaluating  material  integrity. 

There  are  very  little  fatigue  data  published  on  hot  pressed  silicon  nitride  (HPSN)  ceramics.  In 
research  of  bearing  steels,  rotating  beam  fatigue  tests  have  been  used  [9,10]  to  assess  the  effect 
of  steel  cleanliness  (i.e.,  inclusions)  on  fatigue  life.  In  Japan,  Ko  [11]  conducted  rotating  beam 
tests,  and  Masuda  et  al.  [12]  performed  resonant  cyclic  fatigue  tests.  Both  used  sintered  silicon 
nitride  material. 

The  classical  Lundberg  Palmgren  theory  [13]  for  rolling  contact  fatigue  life  considers  that  the 
critical  stress  which  determines  the  fatigue  life  is  the  orthogonal  shear  stress  in  the  Hertzian 
contact  stress  field.  This  theory  also  neglects  the  failure  probability  of  the  rolling  elements  in 
bearings.  It  is  generally  believed  that  this  theory  is  not  valid  for  ceramic  rolling  elements,  in 
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which  the  failure  is  governed  more  by  the  tensile  stress  than  by  the  shear  stress. 

1.3  Test  Material  Selection  and  Properties 

Two  types  of  commercially  available  silicon  nitride  ceramics  have  been  selected,  i.e.,  Toshiba 
TSN-03H  and  Norton/Cerbec  NBD-200.  These  materials  are  the  most  advanced  bearing-grade 
silicon  nitride  candidate  materials  for  rolling  contact  components.  Previously,  under  U.S.  Air 
Force  Contracts,  these  two  materials  were  evaluated  in  rolling  contact  test  rigs  as  well  as  in  wear 
test  rigs  [14,15].  Table  1  shows  the  material  property  data  from  the  suppliers.  It  is  shown  that 
TSN-03H  have  values  of  thermal  expansion  coefficient  and  fracture  toughness  higher  than  that 
of  NBD-200.  Table  1.2  shows  the  material  impurity  specification  of  the  two  silicon  nitrides. 

The  suppliers,  i.e.,  Norton/Cerbec  and  Toshiba  Companies,  have  also  performed  Modulus  of 
Rupture  (MOR)  tests  using  the  MOR  bars  to  obtain  the  statistical  distribution  of  the  bending 
strength.  From  these  data,  it  is  possible  to  obtain  the  Weibull  modulus  and  the  scale  parameter 
for  the  two  materials.  Fig.  2  shows  the  Weibull  plots  of  the  bending  strength  of  the  two  baseline 
materials  based  on  the  MOR  test  data  obtained  by  the  suppliers.  The  method  of  the  bending  test 
is  different  for  the  two  suppliers,  i.e.,  Toshiba  Co.  uses  the  three  point  bending  test,  while 
Norton/Cerbec  uses  the  four  point  bending  test,  according  to  Mil.  Std  1942B. 
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Table  1  MATERIAL  PROPERTY  DATA  OF  THE  BASELINE  S/3N4 


Material: 

TSN-03H 

NBD-200 

Density 

gm/cm^ 

3.22-3.25 

3.16 

Elastic  Modulus 

GPa 

290-300 

320 

Poisson  Ratio 

0.26-0.28 

0.26 

Coef.  Thermal  Expansion 

lO-^'/C 

2. 9-3. 2 

1.6 

Hardness,  Rc 

NA 

>  70 

Hv 

GPa 

14-17 

16.6 

Flexure  Strength 

MPa 

>730 

800 

Tensile  Strength 

MPa 

NA 

400 

Fracture  Toughness 

MPa. 

6.4 

4.1 

Compressive  Strength 

MPa 

>  4000 

3000 

Table  1.2  MATERIAL  IMPURITY  SPECIFICATIONS 
(in  percent  by  weight) 


A1 

Y 

Ti 

0 

C 

Mg 

Ca 

Fe 

TSN-03H 

3.0-4.0 

0.5-1. 

5. 0-7.0 

0.5-1.0 

<0.1 

<0.1 

<0.1 

NBD-200 

<0.5 

NA 

NA 

NA 

NA 

<1.0  * 

<0.05 

<0.5 
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FAILURE  PROBABILITY 


2.  ROTATING  BEAM  FATIGUE  EXPERIMENT 


2.1  Rotating  Beam  Specimen  Fabrication 

Figure  3  is  a  design  drawing  of  the  RBF  specimen  used  for  testing  in  the  standard  Moore 
rotating  beam  test  machines.  First,  rod  blanks  of  76.2  mm  (3  in.)  long  and  9.52  mm  (3/8  in.) 
in  diameter  have  been  purchased  from  two  suppliers,  i.e.  ,Enceratec,  Inc.  and  Norton/Cerbec  Co. 
Fig. 4a  shows  the  rod  blank,  finished  and  tested  (fractured)  specimens.  Fig. 4b  is  a  photograph 
of  70  newly  received  finished  specimens  of  TSN-03H  material.  It  was  required  that  all 
specimens  be  finished  with  longitudinal  grinding  using  600  grit  diamond  wheels. 

All  test  specimens  have  been  finished  by  Chand-Kare  Engineering  Ceramics,  Worcester,  MA 
over  a  period  of  5  weeks.  Prior  to  fabrication,  samples  were  made  by  Chand-Kare  and  several 
other  vendors.  The  circumferential  rms  roughness  of  the  samples  finished  by  Chand-Kare  is 
about  0.4  /xm. 

All  the  finished  specimens  have  a  rms  roughness  Ra  value  less  than  1  /xm.  Even  though  the 
specimens  are  finished  by  numerical  controlled  grinding  machines,  inspection  of  the  specimen 
surface  finish  shows  that  the  finish  varies  from  specimen  to  specimen,  based  on  the  use  of  the 
diamond  wheels.  For  identification  purposes,  the  ends  of  the  RBF  specimens  are  marked  with 
numbers,  from  A-1  to  A-72  in  which  "A"  denotes  the  TSN-03H  and  "B"  denotes  the  NBD-200. 
The  latter  specimens  are  marked  with  numbers  B-1  to  B-71. 

All  the  specimens  are  visually  inspected  using  a  low  power  microscope  prior  to  testing.  The 
surface  quality  of  each  specimen  is  rated  and  recorded.  The  rating  consists  of  three  categories, 
i.e., sample  quality  (class  2),  better  than  sample  quality  (class  1)  and  marginal  quality  (class  3). 
The  record  of  surface  finish  is  given  in  Appendix  A. 


13 


FIG. 3 


Design  Drawing 


Notc  a  :  Surface  finsih  in  1.375'  radius  section 
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2.2  Rotating  Beam  Fatigue  (RBF)  Testing 
2.2.1  Test  Rig  and  Preliminary  Tests 

The  rotating  beam  fatigue  testing  was  conducted  using  four  Moore  rotating  beam  testers  in  the 
Ingersoll-Rand  Central  Material  Service  Laboratory  in  Phillipsburg,  N.J.  The  test  preparation 
and  test  conditions  are  as  follows; 

The  rotational  speed  of  the  test  machine  was  selected  to  be  6000  cycles  per  minute,  or  360,000 
cycles  per  hour.  The  test  rig  has  a  maximum  speed  of  10000  cycles  per  minute.  This  maximum 
speed  was  not  used  in  order  to  avoid  vibration  at  the  top  speed. 

Figure  5  plots  the  relation  between  the  maximum  tensile  stress  in  the  RBF  specimen  and  the 
applied  bending  moment  of  the  rotating  beam  test  rig.  The  relation  between  the  tensile  (fiber) 
stress  and  the  bending  moment  is  based  on  the  formula:  =  M  r/I,  where  M  is  the  bending 
moment,  I  is  the  moment  of  inertia  and  r  is  the  radius  is  the  fiber  stress  (z-direction)  on  the 
specimen  surface  and  is  the  maximum  value  of  at  the  gauge  section  of  the  specimen. 

=  M  R/  I  (1) 

where  M  is  the  bending  moment,  R  and  I  are  respectively  the  radius  and  moment  of  inertia  at 
any  .section  with  z=constant,  i.e., 

R  =  R(z)  -  R„  +  R,  +  (  R,2  -  z^  (2) 

I  =  I(z)  =  TT  R"  /4  ,  R,  =  R(0) 

R.  is  the  profile  radius  of  the  BRF  specimen. 

Prior  to  the  test  set  up,  an  optical  comparator  was  used  to  check  the  dimensions  of  the  specimens 
to  be  tested.  The  diameter  of  the  gauge  section  was  measured  and  recorded.  During  the  set-up 
process,  the  specimen  was  tightly  fitted  to  the  clamp  which  was  connected  to  the  spindle  end  of 
the  machine.  Using  the  dial  indicator,  the  free  end  of  the  specimen  was  adjusted  to  have  a  radial 
runolTor  less  than  0.001  inch  prior  to  applying  the  load.  The  runout  of  the  specimen  at  the 
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FIG. 5 


Rotating  Beam  Fatigue  Test 

Max.  Bending  Stress  vs.  Moment 


Relation  Between  Maximum  Bending  Stress  and 
Bending  Moment  in  the  RBF  Tester 


spindle  end  was  also  measured  using  the  dial  indicator  and  recorded  for  each  of  the  tests.  The 
load  was  applied  by  bending  moment,  which  can  be  set  by  a  scale  below  the  spindle.  The  unit 
of  the  scale  is  inch-lbs. 

Because  of  the  lack  of  prior  test  data  for  this  material  in  rotating  beam  tests,  the  initial  test  load 
(or  bending  moment)  applied  was  first  determined  by  an  exploratory  trial  and  error  method.  At 
the  start  of  the  test,  a  bending  moment  of  47  in-lbs  was  applied,  which  corresponded  to  a 
maximum  bending  stress  of  500  MPa  or  72.5  ksi.  No  failure  occurred  at  the  load  and  the  test 
was  suspended  at  103  million  cycles.  In  subsequent  tests  with  other  specimens,  the  test  load  was 
increased  to  70  and  80  in-lbs.  At  the  latter  load,  several  fractures  occurred  after  a  number  of 
stress  cycles  as  well  as  during  the  set-up.  Other  test  loads  used  were  75,  65,  60  and  55  inch 
lbs.  At  lower  loads,  there  is  increasing  tendency  of  test  suspension  after  over  100  hours  of  tests. 

Each  of  the  failed  or  suspended  specimens  was  placed  in  an  envelope  marked  with  the  specimen 
number,  test  conditions,  and  test  life  (at  failure  or  suspension). 

2.2.2  Test  Completion  Modes 

The  rotating  beam  fatigue  (RBF)  testing  was  completed  in  a  period  of  about  5  months.  A  total 
of  122  RBF  specimens  were  tested  and  consisted  of  62  specimens  of  TSN-03H  and  60  specimens 
of  NBD-200.  The  total  test  hours  with  the  four  test  machines  was  about  7200  hours. 

The  test  load,  failure  mode,  maximum  stress  and  test  life  were  tabulated  in  Appendix  A.  Based 
on  this  record,  a  computer  database  was  completed,  which  was  used  as  an  input  program  to  be 
read  in  as  input  in  the  statistical  analysis  given  in  the  next  section.  There  were  three  test 
completion  modes,  which  consisted  of: 

1)  fatigue  fracture  (F),  i.e.  failure  after  a  finite  number  of  stress  cycles. 

2)  fast  fracture  (FF),  i.e.  failure  occurred  during  the  setup  process.  There  were  seven 
specimens  each  (for  the  two  materials)  fractured  during  the  setup  process.  The  causes 
for  the  fast  fracture  could  have  been  due  to  human  error  in  setup  or  flaws  in  specimens. 
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similar  to  that  in  the  MOR  bending  test  of  bars. 

3)  runout  (S)  no  failure  at  a  large  number  of  stress  cycles,  i.e.,  30-100  million  cycles. 
These  runout  cases  were  treated  as  ’suspensions’  in  the  statistical  analysis. 

2.3  Test  Results 

Figure  6  shows  the  histograms  of  the  test  completion  modes  of  the  two  materials.  The  results 
show  that  for  both  ceramics,  the  number  of  fatigue  failure  occurrences  dropped  rapidly  with 
decreasing  maximum  stress.  The  rate  of  decrease  for  the  number  of  fatigue  failures  with 
decreasing  maximum  stress  was  more  rapid  in  NBD-200  than  in  TSN-03H,  even  though  in  the 
former,  one  fast  fracture  occured  at  very  low  maximum  bending  stress  of  590  MPa.  It  was  also 
shown  that  the  rate  of  decrease  for  the  fast  fracture  mode  with  stress  was  slower  in  NBD-200 
than  in  TSN-03H. 

Most  of  the  tests  were  performed  in  the  range  of  maximum  tensile  stress  from  600-850  MPa. 
Below  600  MPa,  very  few  specimens  failed  after  many  (30-100xl(/’)  stress  cycles,  whereas 
above  850  MPa,  an  increased  number  of  specimens  fractured  during  setup.  The  maximum 
runout  cycles  was  108  million  cycles. 

Tables  2  and  3  contain,  for  the  two  materials,  the  summary  of  the  test  results  for  the  RBF  tests 
performed  at  different  levels  of  bending  moments  or  maximum  stress  levels.  The  data  show 
there  was  an  increased  number  of  suspensions  (denoted  by  S)  and  a  decreased  number  of  fatigue 
failures  (denoted  by  F)  as  the  maximum  stress  decreased. 

Figure  7  shows  the  stress  versus  cycles  (S-N)  plots  for  the  RBF  test  of  the  two  materials.  The 
data  points  on  the  right  side  of  the  plot  were  the  suspended  tests  while  those  on  the  left  side 
show  the  fast  fracture  data.  Figure  7  shows  that  the  data  points  for  the  fatigue  lives  in  this  stress 
range  were  subject  to  wide  (about  3  orders  of  magnitude)  scatter.  The  calculated  Weibull  slopes 
were  less  than  one. 
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20 


Table  2 


Summary  of  Rotating  Beam  Fatigue  Test  Result  for  TSN-03H 


Material:  Silicon  Nitride  Ceranic 
TSN-03H  (Toshiba) 

Speed 

Date: 

:  6000  cpm 

MAR  28  ,  1993 

Moment 

Sneuc 

Cycles 

(in-li) 

(MPa) 

(Ksi) 

80 


75 


70 


65 


60 


850 


800 


746 


692 


639 


124 


116 


108.1 


100.4 


86.1 


31.900  42,300  207,300 

396,600  1,903,300  35,500* 

591,800*  2,708,000*  311,900* 

8,419,900*  614,500* 

1  ,  1  ,  1  ,  1  ** 

190,200  514,800  2,914,700 

408.900  3,466,800  619,300* 

5,840,300  2,091,000*  9,102,300* 

(5)33,373,500* 

(S)  41,207,400  (S)  31,690,100* 


31,600  249,800  3,331,300 
9,800  460,100  975,600* 

(S)  68,964,800*  (S)  75,160,900 
(S)  7,000,000  (S)  67,500,500 
(S)  9,833,000*  (S)  36,881,000 


401.800  756,000  7,709,500 

221,000  1,410,400  1** 

639.800  349,200  365,600 

(5)  36,170,500  (S)  55,218,600 

(S)  36,133,200  (S)  40,093,700 

(S)  20,254,100  (S)  23,399,600 

(S)  23,788,000  (S)  23,450,000 

fSl  20.030.200 


3,964,200  6,092,500 

(S)  36,163,700  (S)  36,239,000 

(S)  36,318,500  (S)  20,780,200 

(S)  19,674,100*  (S)  32,886,100* 

(S)  24,356,000* 


55 


47 


586  85.0 


500  72 


1,634.900  7,354,800 


(S)  47,317,200 

(S)  103,928,500 
(S)  24,314,200 

(S)  104,233,200 


(S)  39,562,700 

(S)  20,488,100 

(S)  20,122,200 


*  '  (S)  '  denote  suspended  tests 

**  specimen  broke  in  set-up 

*  Test  life  with  specimens  survived  from  low  load  tests 
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Table  3  Summary  of  Rotating  Beam  Fatigue  Test  Result  for  NBD-200 


Moment 
(in- lb) 


Speed  :  6000  cpm 

Date:  MAR.  28  ,  1992 

Smax 

(MPa)  (Ksi) 


Cycles 


2,000  11,800  1,639,600 

17.900  3,053,500*  1,057,400* 

51,400*  30,900*  1,100* 

2,890,000*  958,700*  16,100* 

397,100*  74,400  152,200 

(S)  30,318,000* 

8,200  10,100  1,905,800 

1,1  ** 

38,000  9,100  314,800 

3,225,100  10,262,400  1,406,500 

270,100*  870,300  2,721,100* 

60,700*  18,900*  8,560,300 

28,987,600  1** 

(S)  58,840,000*  (3)21,483,900* 

(S)  44,120,600 

(S)  44,120,600 

31,500  1,124,400*  1,086,300 

8.900  23,697,900*  8,300 

3,996,500* 

(3)36,094,200  (S)  40,784,500 

(3)  20,962,000  (5)26,532,800 

'  * _ M  er  A  oo  •7nn'4 


(3)  20,564,200*  (5)46,488,700* 

(3)  19,802,100*  (S)  15'575,000* 

(3)  21,369,000*  (S)  34,179,000 

(3)  19,456,000  (S)  40,680,000* 

462,000  1,500  4,391,900 

(3)  18,030,000  (S)  39,114,800 


(3)23,000,000 
(3)  26,945,000 
(3)  22,314,000 

(3)  30,625,800 

(3)  6,518,260 

(3)  20,250,100 

(3)  20,220,100 
(3)  22,35,100* 
(3)  36,656,200 
(3)  20,427,300 


(S)  31,523,500 
(S)  30,176,300 
(S)  20,115,800 

(S)  17,577,000 

(S)  20,370,200 

(S)  20,092,400* 

(S)  20,618,100 
(S)  20,040,100 

1** 


★  ' (S)  '  denote  suspended  tests 

r  TeS“i?rw?S’'ySiSSrlurvived  lov  lo.d  tds« 
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ROTATING  BEAM  FATIQUE  TEST  -  STRESS  LIFE  PLOTS 


CYCLES 


FIG. 7  Stress-life  Plots  of  Rotating  Beam  Fatigue  Testing 


2.3.1  Stepwise  Load  Test 

Most  of  the  rotating  beam  tests  were  conducted  with  new  specimens.  It  was  found  that  if  the 
maximum  stress  was  not  high  enough,  runout  or  suspension  would  result.  This  was  particularly 
true  for  tests  at  stress  levels  <700  MPa,  in  which  the  runout  modes  became  dominant.  Since 
the  number  of  available  test  specimens  was  limited,  it  was  felt  to  be  necessary  to  test  some 
survived  specimens,  which  had  not  failed  in  tests  at  low  stress  levels. 

To  remedy  the  above  mentioned  problems,  some  additional  (50)  RBF  tests  were  performed  at 
increased  maximum  stress  levels  with  runout  specimens  which  survived  tests  at  a  lower  stress 
level  (or  levels)  after  30-100  million  stress  cycles.  More  failures  resulted  at  this  step-up 
(multiple  load)  test  procedure.  The  test  data  of  this  stepwise  load  test  are  also  given  in 
Appendix  A. 

Note  that  in  published  literature  [16-18],  several  researchers  have  conducted  cyclic  tensile  fatigue 
tests  on  ceramics  using  the  stepwise  loads,  or  ’saw-tooth  loading  waveform’  approach,  to  ensure 
failure  data  for  each  specimen.  In  each  of  these  tests,  the  number  of  cycles  between  each  load 
increment  varied  from  10“*  to  10^  ,  which  is  much  smaller  than  in  the  present  test. 

2.4  RBF  Specimen  Failure  Analysis 
2.4,1  Fractography  of  TSN-03H  Specimens 

Figures  8-10  contain  the  fractography  at  different  magnifications  of  failed  specimen  No.  A37 
(Toshiba  material),  which  was  run  under  a  maximum  stress  of  850  MPa  (80  ksi)  for  1,903,300 
cycles  prior  to  fracture.  A  series  of  photomicrographs  were  obtained  using  SEM  with  a 
multitude  of  magnifications,  i.e.,  50X,  150X,  1,000X,  5,000X,  10,000X  and  15,000X.  The 
stereo-microscope  was  first  used  to  locate  the  fracture  origin.  The  micrographs  show  the  failure 
origin  (by  a  white  arrow),  which  appears  to  be  a  material  defect.  As  explained  in  [19,20],  the 
fracture  origin  is  surrounded  by  radial  ridges,  commonly  referred  to  as  mist  and  hackle.  Prior 
to  the  SEM  examination,  the  fractured  surface  was  first  coated  with  a  thin  layer  of  gold.  The 
high  magnification  micrographs  ( >  10,000X)  in  Fig.  10  show  the  flaws  are  a  cluster  of  inclusions 
of  very  small  sizes  (2-3  microns  in  diameter). 
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FIG.  8  Fractograph  of  Rotating  Beam  Specimen  No.  A37  (50x,  150x) 
(Failure  origin  indicated  by  a  white  arrow) 
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FIG.  10  Fractograph  of  rotating  beam  specimen  No.  A37  (lOOOx,  1500x) 
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The  failed  specimen  (No  A37)  was  further  examined  using  the  EDX  analyzer.  The  EDX 
examination  of  the  flaw  region  (see  Fig.  11)  showed  the  presence  of  aluminum  (Al)  and  silicon 
(Si),  as  well  as  gold  (Au),  which  was  the  material  for  the  coating  used  in  the  SEM  examination. 
This  examination  showed  that  the  failure  origins  contain  aluminum,  even  though  they  have  the 
appearance  of  pores. 

The  SEM  fractograph  shows  the  failure  origin  covering  an  area  of  diameter  of  about  20  microns, 
while  the  surrounding  mirror  region  has  an  approximate  diameter  of  85  microns.  The  applied 
stress  at  the  defect  was  about  800  MPa.  Using  the  well  known  Mode  I  stress  intensity  formula 
for  a  penny  shaped  crack,  i.e., 

Kj  =  2  oyf  a/TT  and 

1)  by  considering  the  defect  region  as  a  penny  shaped  crack,  the  fracture  toughness  for  crack 
initiation  is  about  2.7  MPa(m)''^ 

(2)  by  considering  the  mirror  region  as  a  penny  shaped  crack,  the  fracture  toughness  for  fast 
fracture  is  about  6  MPa(m)''^. 

Figures  12  and  13  show  the  SEM  fractography  of  a  TSN-03H  specimen  A-43,  which  was  tested 
under  maximum  stress  of  750  MPA  and  failed  at  9,800  cycles.  This  fractograph*^  clearly  shows 
a  large  pore  of  about  50  microns  in  size  in  the  subsurface  region  of  the  specimen.  The  depth 
of  this  flaw  was  about  25  %  of  the  radius  of  the  fractured  section,  indicating  the  maximum  stress 
at  the  flaw  was  about  75  %  of  the  maximum  bending  stress  at  the  OD  of  the  gauge  section,  or 
750x0.75=563  MPa.  Fig.  14  shows  the  EDX  plot  of  the  failed  region.  The  plot  shows  the 
presence  of  Ytrium  at  the  inner  edge  of  the  pore. 


^  Courtesy  of  Dr.  N.R.  Katz,  Army  Research  Laboratory,  Watertown,MA. 
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3000X 


Fractography  of  rotating  beam  specimen  A43  (3000x) 


The  fractography  reported  here  was  performed 
by  Dr.  Nathan  R.  Katz  and  his  associates 
U.S.  Army  Material  Technology  Laboratory,  Watertown, MA, 
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FIG. 14  EDX  result  of  rotating  beam  specimen  A43 
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In  comparing  the  above  flaw  with  those  in  other  failed  specimens  examined  under  stereo¬ 
microscope,  the  flaw  in  this  specimen  (A43)  may  be  the  worst  case  for  all  the  Toshiba  TSN-03H 
specimens  tested. 

2.4.2  Fractography  of  NBD-200  Specimens 

Several  failed  NBD-200  specimens  were  examined  using  stereo-microscope.  The  identifiable 
failure  origins  appeared  to  be  volume  flaws.  The  results  of  the  examinations  for  three  failed 
specimens  are  described  below; 

The  first  NBD-200  specimen  examined  was  No.  B14,  which  failed  at  setup  at  the  lowest  bending 
moment  tested,  i.e,  55  in-lbs,  which  corresponded  to  a  maximum  stress  of  586  MPa.  Under 
stereo-microscope,  in  the  broken  sections  shown  near  the  perimeter,  there  was  a  diamond  shape 
pull  out  of  about  200  microns  in  width,  while  in  the  other  half  of  the  broken  specimen,  there 
is  a  deep  cavity  which  was  the  mirror  image  of  the  other  half.  Fig.  15  shows  the 
photomicrographs  of  the  two  halves  of  the  broken  section  near  the  perimeter.  This  large  defect 
was  first  suspected  to  be  inclusion  prior  to  SEM/EDX  examination.  The  result  of  the  EDX 
examination  for  chemical  composition  is  shown  in  Fig.  16  and  shows  that  the  major  components 
were  silicon  and  nitrogen,  indicating  no  foreign  metallic  inclusions  existed  in  the  defect. 

Norton/Cerbec,  Inc.,  requested  to  examine  specimen  No.  B14.  Their  investigation  has 
confirmed  our  EDX  finding  in  that  the  large  size  material  flaw  was  made  of  silicon  and  nitrogen. 
Furthermore,  they  found  that  the  boundary  of  this  foreign  particle  was  ’contaminated’,  such  that 
there  was  very  poor  bonding  with  the  bulk  matrix.  In  the  course  of  their  examination,  they  lost 
the  particle,  leaving  behind  a  hole  in  the  failed  section  of  specimen  B14. 
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FIG.  15  Fractography  of  rotating  beam  specimen  B14  (45x). 
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The  second  NBD-200  specimen  examined  was  No.  B3,  which  failed  by  fatigue  at  relatively  low 
bending  load  (65  in-lbs  or  100  ksi,  690  MPa  max.  stress).  Under  the  stereo-microscope  with 
35X  magnification,  the  failure  origin  appeared  to  be  a  smooth  flat  region  near  the  surface. 
Fig.  17  shows  the  photomicrograph  of  this  failure  origin,  marked  by  white  arrows.  By 
comparing  the  photograph  with  those  published  in  [19],  the  failure  origin  may  be  a  pore  seam. 

The  third  NBD-200  specimen  examined  was  No.  B4,  which  failed  at  77  in-lbs  (or  119  ksi  max. 
stress)  with  a  very  short  fatigue  life  of  8200  cycles.  Under  stereo-microscope,  the  failed  section 
showed  a  shiny  area  of  about  300  microns  in  width  near  the  perimeter.  Fig.  18  shows  the  SFM 
photomicrograph  of  the  shiny  area,  marked  by  white  arrows.  Fig.  19  shows  the  result  of  EDX 
examination,  which  shows  the  major  chemical  components  are  Si,  A1  and  N.  It  was  therefore 
judged  that  the  failure  origin  was  an  AIN  agglomerate  which  has  lower  strength  than  the  matrix 
silicon  nitride  material. 

2.4.3  Further  Fractography  Study  at  the  University  of  Florida 

A  total  of  28  fractured  rotating  beam  specimens,  14  for  each  material,  were  sent  to  University 
of  Florida  (AFOSR  program).  Their  study  showed  that  most  identifiable  failure  origins  in  failed 
specimens  were  oxide  glass,  as  reported  in  [21].  However,  the  failure  origin  for  some  of  the 
failed  specimens  could  not  be  identified  because  the  material  around  the  fracture  origin  was  lost 
during  the  fracture.  More  specifically,  only  about  half  of  the  specimens  sent  to  Florida  could 
have  their  failure  origin  identified. 

2.5  Assessment  of  Specimen  Surface  Finish 

Prior  to  testing,  visual  examination  was  made  of  the  finished  specimen  surfaces,  using  a  low 
power  microscope.  The  quality  of  each  of  the  specimens  was  compared  with  that  of  two  sample 
specimens  provided  by  the  finisher.  Table  4  tabulates  the  distribution  of  the  number  of 
specimens  which  broke  in  setup  and  the  total  number  of  specimens  versus  the  ’rating’  of  surface 
finish  qualitatively  determined  based  on  the  examinations.  The  tabulation  shows  that  the  number 
of  specimens  broken  in  setup  did  not  depend  strongly  on  the  surface  finish  ratings  inasmuch  as 
the  specimens  were  finished  by  one  well-known  finisher. 
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FIG.  17  Fractography  of  rotating  beam  specimen  B3  (35x) 


FIG.  18  Fractography  of  rotating  beam  specimen  B4  (830x) 
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FIG. 19  EDX  result  of  rotating  beam  specimen  B4 
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Table  4 


Distribution  of  Fast  Fracture  Specimen  Number/Total  Number 
As  a  function  of  Material  type  and  Finish 


Group 

Finish  of  Group 

TSN-03H 

NBD-200 

1 

Very  smooth 

3  /  12 

3/16 

2 

Smooth 

2/42 

2  /  31 

3 

Marginal 

2  /  4 

2  /  13 

4 

Slightly  scratchy 

0  /  4 

0  /  0 

0 

All  mixed 

7/62 

7/60 
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Surface  profile  measurements  were  made  on  sample  specimens  in  the  longitudinal  direction  using 
Taylor-Hobson  instruments.  The  surface  roughness  was  found  to  have  an  Ra  value  of  4.49 
microinches  and  a  peak-to- valley  value  of  44.83  microinches. 

Since  the  specimens  were  finished  in  the  longitudinal  direction  with  axial  lay,  it  was  more 
meaningful  to  measure  the  profile  in  the  circumferential  direction.  An  unused  specimen  (A71) 
was  recently  measured  at  the  gage  section  in  the  circumferential  direction.  The  result  for  the 
roughness  mode  showed  that  the  Ra  value  was  0.4  ^m  (16.21  microinches),  the  skew  was  -.1, 
and  the  peak  to  valley  value  was  1.9  /xm  (86.47  microinches).  For  the  unfiltered  mode,  the  Ra 
value  was  0.55  /xm  (22.25  microinches),  the  skew  was  -.8,  and  the  peak  to  valley  was  3.55  /xm 
(142.58  microinches). 

2.6  Comparison  of  RBF  Test  Results  of  HPSN,  Steels  and  Sintered  ShN, 

In  order  to  answer  the  question,  i.e.,  how  does  the  fatigue  strength  of  these  two  hot-pressed 
silicon  nitrides  (HPSN)  compare  with  that  of  hardened  bearing  steels?,  the  following  comparison 
was  made  based  on  the  rotating  beam  test  data  of  the  two  HPSN’s  in  this  project  and  those  of 
steels  reported  in  literature. 

It  is  well  known  that  the  rotating  beam  fatigue  test  often  has  been  used  in  the  evaluation  of 
fatigue  strength  of  steels.  Fig.  20,  taken  from  published  literature  [22,23],  shows  the  stress- 
cycle  (S-N)  relationships  in  the  rotating  beam  fatigue  test  for  two  types  of  steels,  i.e.,  an  SAE- 
4340  steel  of  moderate  hardness,  i.e.,  HRC-33,  reported  in  [22],  and  a  4680  P/M  steel  at  high 
hardness,  HRC  58-59  [23]. 

Figure  21  shows  the  comparison  of  the  two  HPSN’s  in  the  present  program,  with  the  two  curves 
for  the  above  mentioned  steels  as  well  as  the  sintered  silicon  nitride  obtained  by  Ko  [11].  The 
two  plots  in  Fig.  21  show,  with  the  exception  of  the  fast  fracture  data,  that  most  of  the  data  for 
HPSN  lie  above  the  curve  for  4340  steel,  but  lie  around  the  curve  for  4680  P/M  steel  of  bearing 
hardness.  In  addition,  the  fatigue  strength  of  the  HPSN  was  more  than  two  times  higher  than 
the  sintered  Si3N4  data  published  in  1987. 
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The  results  show  that  the  fatigue  strength  of  the  two  HPSN’s  tested  in  this  project  was  equal  or 
superior  to  the  room  temperature  fatigue  strength  of  hardened  bearing  steels.  In  the  case  of 
stationary  loading,  the  strength  of  the  two  HPSN  suffered  reduction  due  to  the  fast  fracture 
property,  which  was  predictable  from  the  MOR  bending  test  of  the  silicon  nitride  ceramics. 
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MAXIMUM  ALTERNATING 
STRESS  (MPa) 


R.  R.  Moore  (aliguc  curve  for  P/M*forted  4640 
tted  hardened  and  tempered  to  33  HRC  and  a 
yMd  atrength  of  I3S,000  pal. 


S-S  cun’e  for  RBF  test  results  of  fully  dense  4680  PIM  at  HRC  58-59. 


FIG. 20 


S-N  Plots  for  Rotating  beam  tests  of  two  P/M  Steels. 


■2 


Maximum  Stress  (MPa)  Maximum  Stress  (MPa) 


FIG.  21  Rotating  Beam  Fatigue  Test  Result  for  Two  HPSN  Ceramics 
(data  points:  O  for  fracture  and  0  for  runout  or  suspension)  and 
S-N  Curves  for  Sintered  Si3N4  [6]  and  two  hardened  P/M  steels 
with  hardnesses  Rc  58-59  for  Steel  ’A’  and  Rc  33  for  Steel  ’B’. 
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3.  DATA  ANALYSIS  AND  RELIABILITY  THEORY 

Statistical  method  as  well  as  reliability  theory  for  ceramics  are  important  tools  to  analyze  the 
failure  data  and  to  characterize  the  material  properties.  The  rotating  beam  test  data  showed  that 
at  low  or  moderate  loads,  runout  or  suspension  at  a  large  number  of  test  cycles  was  a  major 
mode  of  test  completion.  Fortunately,  the  currently  available  Weibull  statistical  methods,  such 
as  the  maximum  likelihood  analysis,  can  adequately  take  the  suspension  data  points  into  account. 
The  well-known  Weibull  analysis  computer  software,  such  as  Weibull-Smith  and  those  in  [24] 
by  Abernethy  were  useful  in  treating  the  data. 

3.1  Weibull  Plots  for  Lives  at  Constant  Load 

Figures  22-26  contain  Weibull  plots  of  RBF  test  fatigue  lives  for  the  two  materials  at  constant 
values  of  maximum  bending  stress  at  the  outer  surface  of  the  neck  of  the  RBF  specimens.  These 
plots  were  obtained  using  the  Weibull-Smith  computer  software.  The  use  of  Weibull  software 
to  treat  the  data  at  constant  load  was  inadequate  at  low  maximum  stress  level,  at  which  the 
number  of  suspensions  was  large  and  the  number  of  failures  was  very  low. 

3.2  Median  Life  Calculation 

The  first  method  used  a  conventional  approach,  which  was  to  calculate  the  median  life  (at  50% 
probability)  for  tests  run  at  constant  maximum  bending  stress  (a),  using  the  maximum  likelihood 
method  [24],  In  this  calculation,  the  runout  data  were  treated  as  suspensions  and  the  fast 
fracture  data  was  neglected.  A  linear  regression  analysis  was  then  applied  to  obtain  a  power  law 
relation  between  the  median  life  (Ng  j)  and  a,  as  well  as  the  fatigue  exponent  (n),  i.e., 

No,5  =  a"  (3) 

Figure  27  plots  the  variation  of  median  life  with  the  maximum  bending  stress.  For  the  new 
specimens  tested,  the  fatigue  exponents  n  were  found  to  be  25.73  and  50.88  for  materials  "A" 
and  "B"  respectively.  For  the  new  and  survived  test  specimens,  the  values  of  n  were  22. 14  and 
48.10  respectively  for  "A"  and  "B". 
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FIG. 26  Weibull  plot  for  fatigue  life  at  maximum  stress  800  MPa 
with  NBD-200  rotating  beam  specimens 
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3.3  Maximum  Likelihood  Analysis  for  Multiple  Step-Wise  Load  Test 

The  second  method  was  an  alternative  approach,  which  was  to  apply  the  maximum  likelihood 
estimation  to  all  the  test  data  (at  different  stress  levels)  at  once  for  a  given  material  to  obtain  the 
unknowns  n  and  |8  in  the  following  formula  for  the  failure  probability  Pf,  i.e., 

Pf  =  1  -  exp  [  -  (  aj"/N„  /  ]  (4) 

where  J  is  the  number  of  load  steps.  This  procedure  is  applicable  to  test  data  from  tests  with 
both  single  and  multiple  levels  of  loadings.  For  tests  with  single  load  level,  J=l. 

The  above  formulation  is  an  extension  of  the  previous  maximum  likelihood  analysis  by  McCool 
[25]  to  the  cases  with  J>  1.  The  derivation  is  given  in  Appendix  B. 

3.3.1  Weibull  Distribution  Plots  of  Equivalent  Life 

Figure  28  shows  the  Weibull  plots,  for  NBD-200  and  TSN-03H,  the  failure  probability  versus 
the  ’equivalent  life’  N^,  where  =  E/tr"  N  for  the  two  materials.  In  these  plots,  the  unit  of 
N  is  cycles,  the  maximum  stress  a  is  in  GPa  and  J  is  the  number  of  load  steps.  The  summation 
is  taken  over  the  range  from  1  to  J  in  the  multiple  load  case.  For  tests  with  new  specimens  only 
without  step-up  loading,  J=l. 

Table  5  tabulates,  for  the  two  materials,  the  values  of  n,  (3,  N„  and  the  median  values  of  or 
{E,V  N  p. 
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ROTATING  BEAM  FATIQUE  TEST- 
FAILURE~PROBABfLlTY  vs  PLOTS 
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Unit:  N:  cycles 

a:  Max.stress  (GPa) 


FIG. 28  Weibull  plots  of  equivalent  cycles 

for  NBD-200  and  TSN-03H  rotating  beam  specimens 
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Table  5  Fatigue  Property  Data  of  the  Two  Test 
Materials  Based  on  Rotating  Beam  Fatigue  (RBF)  Testing 


Material 

TSN-03H 

NBD-200 

Sample  Size 

55 

53 

Failure  No. /Runout  No. 

38/17 

44/9 

Fatigue  Exponent,  n 

25.88 

54.34 

Weibull  Slope,  /3 

jmm 

mm 

Scale  Parameter,  N,, 

9078 

14.90 

Median  Equiv.  Life,  (NJo.s 

J 

where  Ne=E(T"N 

j=i 

3230 

6.9 

3.4  Effect  of  Surface  Finish  on  the  Fatigue  Performance  of  the  RBF  Specimens 
By  visual  inspection  using  a  low  power  microscope,  we  have  classified  and  documented  the 
surface  finish  conditions  of  the  rotating  beam  specimens  prior  to  testing.  The  ratings  consist  of 
1.  very  smooth,  2.  smooth  (sample  quality),  and  3.  marginal  smooth.  It  was  of  interest  to  find 
whether  the  surface  finish  rating  had  any  effect  on  the  fatigue  performance  of  the  specimens. 
For  the  NBD-200  specimens.  Figs.  29,  30  and  31  show,  for  the  three  different  finishes 
respectively,  the  Weibull  plots  of  failure  probability  versus  N^..  Table  6  tabulates  for  RBF  tests 
of  NBD-200  specimens  the  values  of  the  median  value  of  Ecf’N  and  the  slope  in  the  Weibull  plot 
for  the  three  groups  of  different  surface  finishes  and  the  mixed  group  containing  all  the  NBD- 
200  specimens. 

Comparison  of  Figs.  29  and  30  shows  no  significant  difference  of  Weibull  curves  for  the  super¬ 
fine  and  sample  quality  (average)  surface  finishes,  while  Fig.  31,  for  the  rough  specimens, 
shows  a  significant  increase  in  Weibull  slope. 


51 


NBD-ZeD  .  SURF.  INDEX  =  I 


(very  smooth) 


0.000001  0.3031  0.01  1  100  10000 


Z  ct"  N  n=  54.34 

FIG. 29  Weibull  plot  of  equivalent  cycles  for  NBD-200 
rotating  beam  specimen  with  'very  smooth  surface' 


NB0-2OO,  SURF .  IN0D(  =  2  (smooth,  sample  quality) 


Z  cr'’  N  n=  54 .  M 


FIG. 30 


Table  6 


Tabulation  of  Median  and  Slope  p 
RBF  Test  Material;  NBD-200 


Finish  of 
Group 

Sample 

no. 

Suspension 

no. 

Median 

Zo"N 

Slope 

Rms 

Roughness 

0 

mixed 

53 

9 

6.9 

0.274 

0.2-0.7 

1 

very 

smooth 

13 

2 

2.5 

0.269 

=  0.2 

2 

smooth 

29 

7 

15 

0.256 

=  0.4 

3 

marginal 

11 

0 

9 

0.418 

■=  0.6 
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3.5  Reliability  Formulation  with  Volume  Flaw  Assumption 
3.5.1  Fast  Fracture 

First  for  fast  fracture,  the  failure  probability  of  a  component  is  an  exponential  function  of  a 
volume  integration  of  stress  (o)  to  the  power  of  the  Weibull  modulus  m,  i.e., 

Pf  =  l-exp[-j((T/a„r]dV] 

=  1  -  exp  [  -V,ff  (5) 

where  V^ff  is  the  effective  stress  volume,  defined  by 

Veff=  !  (a/a^rdV  (6) 

The  formulations  and  result  of  the  calculation  of  Veff  for  the  present  RBF  specimens  is  given  in 
Appendix  C. 

For  the  two  baseline  ceramics,  values  of  m  and  have  been  presented  in  Table  7,  and  were 
calculated  from  the  Weibull  plots  in  Fig.  2,  based  on  the  MOR  bending  data  using  3-pt  bending 
tests  (TSN-03H)  and  4-pt  bending  tests  (NBD-200). 

Alternatively,  the  Batdorf  theory  [26,27]  can  be  applied  as  in  [31],  which  results  in  a  new  scale 
parameter  a,,;,  where  the  subscript  b  denotes  Batdorf,  as  opposed  to  "Weibull"  in  the  above 
formulation.  For  the  Batdorf  theory,  eq(l)  has  the  following  form: 

^o.max 

Pf  =  1  -  exp{  -  [  V  [  f  o  (fl/47r)dn,(ajda„  ]  dV  }  (7) 

where  Q  is  the  area  of  the  solid  angle  projected  onto  a  unit  radius  sphere  in  principal  stress  space 
containing  all  of  the  crack  orientation  for  which  the  effective  stress  is  greater  than  or  equal  to 
the  critical  stress  Uj...  In  [28],  Chao  and  Shetty  found  that  for  silicon  nitride,  fracture  initiating 
cracks  nucleated  at  pores  and  oriented  perpendicular  to  the  maximum  principal  stress  direction 
during  loading.  Therefore,  the  orientation  factor  0/4 tt  can  be  set  equal  to  unity  for  both  uniaxial 
and  biaxial  loadings.  With  this  important  simplication,  eq(7)  can  be  reduced  to  eq.(5). 
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Table  7 


SUMMARY  OF  MATERIAL  PROPERTIES  FOR  THE  TWO  TEST  MATERIALS 

(for  volume  flaws) 


Material  Type 

Unit 

Toshiba 

Cerbec 

Cyclic  Fatigue  - 

Fatigue  Exponent  (n) 

25.88 

54.34 

Weibull  slope  (/?) 

0.355 

0.274 

Median  Value  {u"  Njo  jo 

3230 

6.9 

No 

9078 

14.9 

Crack  Growth  Parameter  (B^,) 

MPa^  cycles 

4.33x10'^ 

20.3x10'" 

Fast  Fracture  - 

Method  of  Testing 

3-pt  bending 

4-pt  bending 

Characteristic  Strength 

Oe 

MPa 

1050 

900 

Effective  volume, V^ff  MOR 

mm^ 

1.602 

12.26 

^eff.RBF 

mm^ 

40 

44 

Weibull  Modulus  (m) 

10.27 

9.7 

Scale  Parameter 

MPa 

1098 

1154 
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3.5.2  Cyclic  Fatigue 

Crack  growth  measurement  for  silicon  nitride  by  H.  Kobayashi  [29]  shows  that  the  crack  growth 
rate  (da/dN)  is  governed  by  rather  than  its  range,  i.e.,  (as  in  the  Paris’  law  ). 

Thus  the  crack  growth  rate  may  be  approximated  by  a  power  function  of  the  equivalent  Mode 
1  maximum  stress  intensity  factor  i  e., 

da/dN  =  C  Ki  n,aj(",  =  Ya-\/a  (8) 

where  Y  is  a  constant  related  to  crack  geometry.  For  penny-shaped  cracks,  Y=2/V7r.  C  and  n 
are  material  constants,  which  are  called  "crack  growth  parameter"  and  "fatigue  exponent" 
respectively. 

The  above  assumption  is  based  on  the  recent  measurement  of  crack  growth  in  silicon  nitride  by 
Kobayashi  et  al.  [29]. 

Following  [30],  the  integration  of  the  above  formula  with  respect  to  the  cyele  N  results  in  the 
following  formula,  for  volume  flaw  analysis,  for  the  probability  of  fracture  (or  macrocracking) 
after  subcritical  crack  growth, 

Pf  =  1  -  exp[  -  ao  ™  f  (T  (1  +  N/B  dV  ]  (9) 

B  =  _ 2 _  (9a) 

CY^  (n-2)  K„"-^ 

As  suggested  by  Nemath  et  al.  [31],  the  constant  B  in  the  above  formula  can  be  obtained  from 
the  cyclic  fatigue  test  under  uniaxial  stress,  such  as  the  rotating  beam  fatigue  test,  if  the  value 
of  the  fatigue  exponent  and  the  mean  value  {a”N}o.5  is  known.  (Note  the  subscript  0.5  denotes 
50%  probability,  or  the  ’mean  value’  ) 

For  the  case  Pf  =  0.5  and  ff"N  >  >B,  the  above  equation  for  Pf  is  reduced  to 

B  =  {a"  N},5o  a/-"  [-V,ff,RBp/Ln(l-0.5)]("-^)'"’  (10) 
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where  m  is  the  Weibull  modulus,  is  the  scale  parameter  and  Veff  rbf  denotes  the  effective 
stress  volume  of  the  RBF  specimen  (a  function  of  m),  which  has  been  formulated  and  computed 
in  Appendix  C. 

Table  7  tabulated  the  various  constants  for  the  two  materials.  Note  that  the  Weibull  modulus 
(m)  was  based  on  the  MOR  test  data  (see  Fig. 2)  obtained  from  the  two  suppliers.  The  fracture 
toughness  values  were  also  from  the  supplier,  although  a  recent  indentation  test  of  the  two 
silicon  nitride  materials  [21]  shows  somewhat  different  values  of  fracture  toughness  of  the  two 
materials. 

3.6  Rolling  Element  Under  Contact  Load  of  Multiple  Stress  Levels 

Particular  interest  was  focused  on  the  material  elements  subject  to  multiple  levels  of  contact 
loadings  between  the  ball  and  raceways.  In  the  tensile  test  and  rotating  beam  fatigue  test  of  the 
ceramic  material,  the  applied  maximum  tensile  stress  in  each  stress  cycle  was  a  constant.  In  the 
RCF  test  of  ceramic  rods  which  were  in  contact  with  three  steel  balls,  the  contact  load  and  stress 
in  each  of  the  ball-rod  contacts  was  considered  to  be  identical.  Therefore,  the  maximum  tensile 
stress  in  each  stress  cycle  was  constant. 

In  the  case  of  ball  bearings,  the  ball  surfaces  were  subject  to  multiple  levels  of  loadings,  such 
as  that  from  the  inner  ring  contact  and  that  from  the  outer  ring  contact,  if  the  contact  angles  are 
equal. 

3.6.1  Theory  of  Subcritical  Crack  Growth  under  Multiple  Loadings 

A  modified  formulation  of  failure  probability  in  terms  of  crack  growth  with  cyclic  loading  of 
multiple  stress  levels  is  given  as  follows  as  an  extension  of  the  previously  given  subcritical  crack 
analysis  for  cyclic  loading. 
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For  the  case  of  multiple  loads,  the  crack  is  subject  to  different  levels  of  stress  intensity  factor, 
i.e., 

da  =  C  E  K,k" 
dN 

=  C  ¥"^2  a'^2  (11) 

where  k  is  the  index  for  a  stress  level  and  Ot,  is  the  stress  at  the  k-th  level.  Integration  of  the 
above  equation  results  in 

da/a"^'  =  a^"  dN 

-2/(n-2)  =  C  E  a,,"  N,  (12) 

where  is  the  number  of  stress  cycles  at  the  stress  level  a^..  Following  an  analysis  given  in 
[30],  the  limit  of  integration  on  the  left  side  of  the  above  equation  is  from  a^  to  af,  where  and 
af  represent  the  critical  crack  length  at  the  beginning  of  the  loading  and  at  failure  respectively. 
Note  that  these  limits  can  be  related  to  the  maximum  stress  values; 

a^  =  [K,,  /Y  ,  a^  =  [K,,  /Yu,^  r  (13) 

where  the  subscript  max  denotes  the  maximum  value  of  the  stress  levels  applied. 

The  following  equation  is  obtained: 

)"•'  -  (C^f.™x  =  1/B  E<7/  N.,  (14) 

where  B  is  given  in  Eq.(9a). 

Note  the  failure  probability  in  the  case  of  fast  fracture  is  given  by 

Pf  =  1  -  exp  [  -  ]  /a„ )'"  dV  ]  (15) 

where  m  is  the  Weibull  modulus  and  Og  is  the  scale  parameter. 
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In  the  case  of  cyclic  fatigue  with  multiple  loading  with  different  stress  levels,  the  failure 
probability  becomes 


P,.  =  1  -  exp  {  -  j  +  E  a,"  N.,  dV  }  (16) 

In  most  situations,  the  contact  angles  at  the  inner  ring  and  outer  ring  are  not  equal.  Then  the 
inner  ring  contact  and  outer  ring  contact  tend  to  roll  on  two  separate  tracks.  In  this  case,  each 
track  is  subject  to  a  single  level  of  load.  The  failure  probability  is  calculated  separately  for  each 
track  and  then  combined  using  the  following  relation  to  obtain  the  failure  probability  of  a  ball 
with  two  tracks: 

Pbal,  =  1  -  (l-P, l)(l-P  2  )  (17) 

where  P ,  and  P  2  respectively  the  failure  probability  of  material  around  track  1  and  track 
2  on  the  ball  respectively. 

Numerical  calculations  have  shown,  that  in  the  Hertzian  contacts,  the  bulk  ceramic  materials  are 
under  a  triaxial  state  of  compression  (i.e.,  all  the  three  principal  stresses  are  negative),  except 
for  a  narrow  band  of  stress  volume  around  the  perimeter  of  the  elliptical  contact  area  in  which 
one  of  the  principal  stress  components  becomes  tensile.  In  the  compressive  stress  field,  ceramic 
failure  can  also  occur  as  a  result  of  shear  stress,  under  a  high  magnitude  of  compression. 
Current  formulations  on  effective  stress  take  into  account  the  tensile  stress,  not  the  compressive 
stress  across  the  crack  plane.  It  is  recalled  that  previous  research  by  Nemeth  and  Gyekenyesi 
of  NASA  Lewis  Center  [31]  suggests  that  when  the  normal  stress  is  compressive,  it  may  be  set 
equal  to  zero  and  the  shear  stress  alone  contributes  to  the  crack  growth.  Since  the  shear  stress 
is  zero  on  the  plane  perpendicular  to  the  principal  stress,  any  crack  growth  in  the  plane  normal 
to  the  compressive  principal  stress  would  be  zero.  In  the  Batdorf  theory  [26,27],  penny  shaped 
cracks  of  random  orientations  are  assumed  to  simulate  the  material  flaws.  In  a  stress  field  where 
all  the  principle  stresses  are  compressive,  the  shear  stress  on  the  crack  plane  whose  normal  does 
not  coincide  with  the  directions  of  the  principal  stress  is  not  zero. 
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4.  HYBRID  BALL  BEARING  TESTING  AND  ANALYSIS 

4. 1  Hybrid  Bearing  Test  Preparation 

Grade  5,  3/8"  diameter  silicon  nitride  ceramic  balls  of  nominal  size  (220  for  each  material)  were 
finished  and  purchased  from  two  suppliers:  Hoover  Precision  Products,  Inc.  for  TSN-03H,  and 
Norton/Cerbec  Inc.  for  NBD-200.  A  total  of  55  sets  of  bearing  rings  made  of  52100  steel  and 
of  machine  tool  quality  (ABEC-5  or  better)  were  specially  manufactured  by  the  Fafnir  Bearing 
Division  to  a  size  required  to  fit  the  206  test  rig.  The  special  size  is  MMW206K4FS649A, 
which  has  the  iimer  ring  width  (23.75  mm  or  0.920"),  about  50%  wider  than  that  of  the  outer 
ring  (16  mm  or  0.6299").  Fig.  32  shows  the  ring  set,  the  cage  and  nine  ceramic  balls  used  in 
each  bearing. 

Forty-eight  hybrid  ceramic  206  ball  bearings  were  fabricated  with  nylon  cages  and  ceramic  balls 
of  the  two  kinds  (9  in  each  bearing).  Visual  inspection  of  the  ceramic  balls  and  ring  sets  was 
made  prior  to  fabrication.  Talysurf  traces  were  made  on  the  raceways  of  four  ring  sets.  The 
results  gave  an  average  inner  race  surface  finish  of  1.5  microinch  Ra,  which  is  highly 
satisfactory.  Close  tolerance  was  found  on  the  groove  radius.  The  inner  ring  conformity  for 
the  four  rings  varied  from  0.52058  to  0.52186,  while  the  outer  ring  conformity  varied  from 
0.5193  to  0.5207  (see  Appendix  D). 

Modification  of  the  206  bearing  test  rigs  was  made  at  The  Torrington  Company’s  Bearing  Test 
Laboratory  which  performed  the  required  endurance  tests  of  hybrid  bearings.  The  modification 
involved  the  installation  of  one  new  test  shaft,  six  oil  jet  caps  and  the  I.D.  grinding  of  six 
housings. 

4.2  Analysis  of  Test  Bearing 

The  bearing  ring  has  52%  iimer  and  outer  race  conformity  and  0.0015"  diametral  clearance. 
Calculations  using  a  computer  program  developed  by  Jones  [32]  were  made  for  the  test  hybrid 
bearing  as  shown  in  Table  8.  The  maximum  ball  load  was  found  to  be  579.6  lbs.  The 
maximum  contact  stress  at  the  most  heavily  loaded  ball  was  found  to  be  515.2  ksi  (3.55  GPa) 
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Table  8 


Input  Data  and  Result  of  206  Bearing  Analysis 


Ball  Number: 

9 

Ball  Diameter: 

0.375:  (9.525  mm) 

Pitch  di2uneter: 

1.820  in.  (46,228  mm) 

Race  Conformity: 

0.52  (inner) 

0-52  (outer) 

Diametral  Clearance: 

.0015  in.  (0.038  mm) 

Bearing  Radial  Load: 

1175  lbs  (5226.4  N) 

Bearing  Speed: 

3000  rpm 

Young  modulus  (ball) 

45000000  psi  (310  GPa) 

Poisson  ratio  (ball) 

0.26 

Results : 

Mzucimum  Ball  Load: 

579.6  lbs  (2578  N) 

Maximum  Contact  stress: 

bail-inner  race:  515-2  ksi  (3.55  GPa) 
ball-outer  race:  426.1  ksi  (2.94  GPa) 

Lundberg-Palmgren  Life:  31.5  Hours  (10%  failure  probability) 
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at  the  inner  race  contact  and  426. 1  ksi  (or  2.938  GPa)  at  the  outer  race  contact.  The  above 
calculation  took  into  account  the  elastic  modulus  of  the  silicon  nitride  ball,  i.e.  Young’s  modulus 
of  45x10^  lb  per  sq.  inch  and  Poisson  ratio  0.26.  Based  on  a  bearing  speed  of  3000  rpm  and 
the  calculated  ball  load  distribution,  an  L,o  life  of  99.5  hours  was  calculated  by  the  computer 
program.  This  calculated  life  did  not  take  into  account  the  elastic  modulus  of  ceramics  in  the 
hybrid  bearing.  The  Lundberg  Palmgren  theory  [13]  shows  that  the  load  capacity  of  a  ball  race 
contact  varies  with  the  reduced  Young’s  modulus  to  the  power  of  2. 1 .  The  fatigue  life  of  a  ball 
bearing  varies  with  the  cube  of  the  bearing  load.  Thus  the  calculated  life  was  inversely 
proportional  to  the  reduced  Young’s  modulus  to  the  power  of  6.3.  Note  that  the  reduced 
Young’s  modulus  of  the  hybrid  ceramic-steel  contact  was  1.2  times  that  of  a  steel  to  steel 
contact.  Thus,  the  calculated  life  of  a  hybrid  bearing  was  that  of  the  steel  bearings  (with  the 
same  ball  loads  and  contact  geometry)  multiplied  by  a  factor  of  1/1.2  to  the  power  of  6.3,  or 
0.364. 

Multiplying  the  previously  calculated  life  99.5  hours  by  the  factor  0.364  gives  a  Lundberg 
Palmgren  fatigue  life  of  31.5  hours.  Recognizing  that  in  the  Lundberg  Palmgren  theory,  the 
probability  of  ball  failure  is  neglected,  this  31.5  hours  is  the  theoretical  fatigue  life  of  the 
bearing  rings  in  the  hybrid  bearing  arrangement. 

4.3  Endurance  Test  of  Hybrid  Ball  Bearings 

Three  endurance  test  rigs  were  used.  Each  rig  was  capable  of  testing  two  6206  ball  bearings. 
Tests  were  completed  for  eight  groups  as  planned.  Each  group  consisted  of  six  identical  hybrid 
bearings.  The  sudden-death  method  was  used  in  the  tests,  such  that  if  one  of  the  six  bearings 
in  each  group  failed,  the  test  of  the  group  was  ended  with  one  failure  and  five  suspensions.  The 
test  load  was  1175  lbs  (radial)  for  each  bearing,  and  the  speed  was  3000  rpm.  A  circulating  oil 
system  was  used  with  Mobil  DTE  extra  heavy  oil.  The  oil  inlet  temperature  was  105  deg.  F  and 
the  bearing  O.D.  temperature  was  monitored.  The  runout  time  of  the  test  was  1500  test  hours 
(or  270  millions  bearing  revolutions)  if  no  failure  occured.  The  maximum  test  hours  were  the 
same  as  those  used  by  NSK  Company  in  testing  6206  bearings  at  the  same  speed  in  1987  [33]. 
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Table  9  tabulates  the  test  conditions  and  test  results  of  the  endurance  test  of  48  hybrid  ceramic 
bearings.  The  results  show  one  bearing  failure  for  hybrid  bearings  with  NBD-200  balls  and  four 
bearing  failures  in  hybrid  bearings  with  TSN-03H  balls. 

Appendix  D  is  a  laboratory  test  report,  which  covers  the  details  of  the  test  conditions,  test  rigs, 
bearing  ring  inspection,  and  the  test  results  of  the  eight  groups  of  test  bearings.  The  report 
shows  that  all  the  bearing  failures  were  due  to  ball  spalling,  not  ring  failures. 

4.4  Hybrid  Ball  Bearing  Failure  Analysis 

4.4.1  Norton/Cerbec  Balls 

The  failed  bearing  (No. 535-92)  was  removed  from  the  test  rig  and  disassembled  for  failure 
inspection  in  the  test  laboratory.  It  appeared  to  be  certain  that  the  bearing  failure  initiated  from 
spalls  on  one  ball  only.  Using  a  low  power  microscope,  the  failure  was  found  to  be  on  one  ball 
with  multiple  spalls  on  the  ball  surface.  The  surfaces  of  other  balls  and  the  ring  raceways 
showed  no  spalls.  Severe  glazing,  but  no  spalls,  was  found  on  the  raceway  track.  This  wear 
was  believed  to  be  caused  by  the  debris  of  the  spalls  on  the  failed  ball  after  failure.  Figures  33 
and  34  show  the  photomicrograph  of  the  two  spalls  on  the  failed  ball  with  16X  and  18X 
magnifications  respectively. 

The  spalled  ceramic  was  been  examined  using  a  SEM  and  EDX  analyzer.  Digital  X-ray 
mapping  was  used  to  obtain  a  quick  overview  of  the  distribution  of  possible  contaminants  on  the 
spall  surfaces.  Two  small  Mg  rich  spots  were  detected  on  each  of  the  spalls  examined.  One 
spot  in  the  large  spall  was  found  outside  of  the  spall  and  another  was  found  just  inside  the  spall 
edge  as  shown  in  the  lower  photo  of  Fig. 35.  The  EDX  spectrum  of  the  Mg  rich  feature  (2)  is 
shown  overlayed  on  that  of  the  adjacent  smooth  ball  surface  of  Fig. 36.  This  shows  a  significant 
enrichment  of  Mg  and  an  increase  in  Fe  and  O  over  the  smooth  area.  This  fragment  appears 
to  have  come  from  another  region  of  the  spall  and  was  redeposited  in  the  edge  zone.  The  photo 
in  Fig.  37a  shows  what  appears  to  be  an  initiation  point  of  the  spall,  which  has  a  mirrored  area, 
about  500  microns  in  diameter. 
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Table  9 


Summary  of  Hybrid  Bearing  Tests 


BEARING  TYPE;  MM206K4 
RING  MATERIAL:  SAE  52100 

MANUFACTURED  BY:  FAFNIR  BEARING  DIVISION 
NUMBER  OF  BALLS;  9 

BALL  SUPPLIERS:  CERBEC.INC  AND  HOOVER  PRECISION,  INC. 
MAXIMUM  STRESS  :  3.6  GPA  (525  KSI) 

TEST  SPEED;  3000  RPM 
LUBRICANT:  DTE  EXTRA  HEAVY 
CAGE  MATERIAL:  NYLON 
RING  FINISH,  Ra  <  0.1  MICRON 
AFBMA  L,o  LIFE:  31  HRS. 


Ball  Mat. 

Group  No. 

No.Brg. 

No.  Failure 

Hours 

itfFfer 

NBD-200 

1 

6 

0 

-1509 

-271.6 

NBD-200 

2 

6 

1 

13.6 

2.45 

NBD-200 

3 

6 

0 

-1511 

-272 

NBD-200 

4 

6 

0 

-1509 

-271.6 

TSN-03H 

1 

6 

1 

173.2 

31.2 

TSN-03H 

2 

6 

1 

183.3 

33.0 

TSN-03H 

3 

6 

1 

50.1 

9.0 

TSN-03H 

4 

6 

1 

142.3 

25.6 
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FIG.  33  Photomicrograph  of  spall  on  failed  NBD-200  ball  (bearing  No.  535-92) 


FIG.  34  Photomicrograph  of  spalls  on  failed  NBD-200  ball  (bearing  No.  535-92) 
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SEM  Fractography  of  a  Spalled  NBD-200  Ball 


SEI  1500X 


MAGNESIUM  RICH 
FRAGMENT  ON  SPALL  EDGE 


FIG. 35  SEM  photograph  of  large  spall  on  a  failed  NBD-200  ball. 
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SMALL  spa: 


Both  of  the  Mg  rich  features  on  the  small  spall  map  showed  them  to  be  inside  the  spalled  area 
itself,  as  shown  on  the  photos  in  Fig. 37b.  The  individual  EDX  spectrums  acquired  from  each 
of  these  ("3"  and  "4")  are  shown  on  Figs. 38  and  39.  Again,  substantially  more  Mg  was 
observed  in  these  areas  than  in  the  typical  silicon  nitride.  Of  these  two  areas,  "4"  appears  to 
be  in  its  original  position  in  the  material.  These  observations  indicate  that  excess  sintering  aids 
in  the  subsurface  led  to  spalling. 

4.4.2  Toshiba  Balls 

In  the  endurance  test  of  24  hybrid  206  ball  bearings  with  Toshiba  balls,  there  were  four  bearing 
failures.  The  failed  bearing  in  the  first  group  was  #259-93,  which  had  one  spalled  ball  with  a 
spalled  area  of  about  2  mm  in  size  (shown  in  Fig. 40).  The  other  balls  had  no  spalls,  but  two 
of  the  eight  unspalled  balls  had  wear  tracks.  The  steel  raceways  had  severe  wear  and  plastic 
deformation,  as  a  result  of  overtoiling  by  the  spalled  ball. 

The  failed  bearing  in  the  second  group  was  No.  266-93.  Examination  showed  there  were  four 
balls,  each  of  which  contained  a  spall,  but  one  of  the  balls  (shown  in  Fig.  41)  had  a  spall  larger 
than  the  other  three.  The  raceways  had  no  spalls  but  did  have  severe  plastic  flow,  peeling  and 
cracks.  In  this  failed  bearing,  the  failure  origin  could  be  on  the  ball  with  largest  spalled  area. 
The  spalling  failure  on  one  ball  caused  severe  damage  to  the  inner  raceway,  which  then  caused 
the  other  three  balls  to  spall. 

The  bearing  that  failed  in  the  third  group  was  No.  274-93,  which  had  one  spalled  ball  as  shown 
in  Fig. 42.  Again,  the  inner  raceway  had  no  spalls  but  did  have  plastic  deformation  and  peeling. 

The  bearing  that  failed  in  the  fourth  group  of  six  hybrid  ceramic  ball  bearings  with  Toshiba  balls 
was  bearing  No.  276-93.  The  test  life  of  the  bearing  was  142.3  hours.  After  failure,  the 
bearing  was  disassembled  for  examination,  which  showed  that  one  ball  had  a  spall  of  about  2 
mm  in  size  (shown  in  Fig.  43).  The  other  balls  had  no  spalls.  The  steel  raceways,  which  show 
no  spalls,  had  suffered  severe  wear  and  plastic  deformation,  as  the  result  of  the  overrolling  by 
the  spalled  ball. 
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FIG, 39  EDX  spectrum  of  the  Mg  rich  feature  ('4') 


FIG.  40  Photomicrograph  of  spalled  TSN-03H  ball  (80x)  (bearing  No.  259-93) 


FIG.  41  Photomicrograph  of  spalled  TSN-03H  ball  (bearing  No.  266-93) 
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FIG.  44  SEM  photograph  of  spalled  TSN-03H  ball  (bearing  No.  259-93). 


Four  spalled  balls,  one  each  from  the  failed  bearings,  were  examined  using  SEM  and  associated 
EDX  analyzer.  Each  of  the  spalled  areas  was  lightly  coated  with  carbon  prior  to  the 
examination.  The  SEM/EDX  examination  of  the  four  spalled  balls  showed  there  were  two  balls 
which  contained  small  areas  of  several  microns  in  size  that  were  rich  in  a  metallic  element.  In 
particular,  the  ball  in  failed  bearing  number  259-93  (173.2  hours  test  life)  was  found  to  contain 
an  aluminum  rich  feature.  Fig.  44  is  the  SEM  photomicrograph  of  the  magnified  spalled  area 
containing  aluminum,  shown  by  a  white  arrow.  Fig. 45  contains  the  EDX  result  of  the  aluminum 
rich  feature.  The  spalled  ball  in  failed  bearing  number  266-93  (183.3  hours  test  life)  was  found 
to  contain  magnesium  (Mg)  and  steel  rich  areas  of  several  microns  in  size.  Fig.  46  is  the  SEM 
photomicrograph  of  the  magnified  (SOX)  spalled  area  containing  Mg  (black  arrow)  and  steel 
(Fe).  Figs. 47  and  48  are  the  EDX  results  of  the  Mg  rich  and  Fe  rich  areas  respectively. 

4.4.3  Bearing  Rings 

Visual  examination  has  shown  that  the  failure  of  the  bearing  originates  from  the  ball  spalling, 
rather  than  the  bearing  rings.  The  absence  of  failure  origination  from  the  ring  surface  is 
probably  due  to  the  excellent  surface  finish  of  the  ring  and  the  balls,  as  well  as  good  lubricant 
film  separating  the  surfaces  in  contact. 
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FIG. 45  EDX  result  for  spalled  TSN-03H  ball 
(bearing  No. 259-93) 
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FIG, 46  SEM  photograph  of  spalled  TSN-03H  ball 
(bearing  No. 266-93) 
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FIG. 47 


EDX  result  of  spalled  TSN-03H  ball,  Mg  rich  area 
(bearing  No.  266-93) 


FIG. 48  EDX  result  of  spalled  TSN-03H  ball,  Fe  rich  area 
(bearing  No.  266-93) 
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4,5  Maximum  Likelihood  Estimate  of  LIQ  Life  for  the  Hybrid  Bearings 
Tests  of  the  48  hybrid  bearings  were  completed  with  five  bearings  that  failed  by  spalling,  four 
of  which  contained  TSN-03H  balls  and  one  which  contained  NBD-200  balls.  For  the  hybrid 
bearing  tests  with  Norton/Cerbec  balls,  there  was  only  one  bearing  failure  out  of  a  total  of  24 
bearings  tested.  This  single  failure  data  point  makes  the  conventional  Weibull  analysis 
inapplicable  to  obtain  Ljo  life. 

In  the  absence  of  applicable  (conventional)  Weibull  analysis,  a  maximum  likelihood  analysis  was 
applied  to  the  reliability  prediction  of  balls  based  on  the  following  conditions: 

1.  The  balls  were  subject  to  identical  loading  conditions  at  different  test  times  and  test  rig 
positions. 

2.  Each  bearing  contained  the  same  number  of  balls  of  the  same  type  and  the  test  conditions  (i.e. 
temperature  and  lubricant)  were  the  same. 

3.  The  failure  of  the  hybrid  bearing  in  the  particular  group  of  bearings  tested  was  due  to 
(spalling)  failure  of  one  ball  only. 

4.  The  bearing  failure  was  due  to  ball  failure,  not  ring  failure. 

These  conditions  appeared  to  be  valid  for  the  present  endurance  tests  with  three  identical  test 
machines  using  six  bearings. 

For  the  endurance  test  of  24  bearings  with  Norton/Cerbec  balls,  there  are  9x24  =  216  balls. 
The  sample  size  of  this  ball  test  is  216,  which  consists  of  one  failure  of  13.6  hours  of  life  and 
215  suspensions  with  varying  known  lives. 

A  Maximum  likelihood  analysis  was  performed  to  determine  the  failure  probability  of  a  ceramic 
ball,  based  on  the  ball  sample  size  of  216,  with  known  lives  for  each  of  the  balls.  Knowing  the 
failure  probability  of  a  ball  subject  to  stress  cycles  in  the  bearing  test,  it  was  possible  to  calculate 
the  failure  probability  of  a  hybrid  ball  bearing  with  a  known  number  (9)  of  balls. 
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4.6  Theory 


The  failure  probability  of  a  ball  in  a  hybrid  bearing  can  be  expressed  as: 

=  1  -  exp  [  -  (  N/K  r  ]  (18) 

where  N  is  the  life,  N,,  is  the  scale  parameter  and  0  is  the  Weibull  slope.  It  was  assumed  that 
bearing  failure  was  attributed  to  one  ball  failure,  while  the  rest  of  the  balls  were  treated  as 
"suspensions."  For  a  sample  size  of  n  and  assuming  the  lives  of  all  n  balls  were  known  for 
input,  the  use  of  maximum  likelihood  analysis  permitted  the  unknowns  N,,  and  0  to  be 
determined.  Note  that  for  the  present  test  group  of  24  bearings,  the  sample  size  n=9x24=216. 

For  a  ball  bearing  consisting  of  Z  balls,  the  failure  probability  of  the  bearing  is  expressed  in 
terms  of  N^,  0  and  Z  as  follows, 

Pf.bearing  ~  1  '  [  I'Pf.ball  (19) 

=  1  -  exp  [-Z(N/N„  f  ] 

From  the  above,  the  life  N  can  be  expressed  in  terms  of  bearing  failure  probability  (Pf.bcaring)  as: 

N  =  N„  {  -  Ln  (l-Pf. bearing  )/Z  (20) 

4.7  Result  of  ML  Calculations 

This  maximum  likelihood  analysis  for  216  balls  in  24  bearings  shows  that  the  LIO  life  of  the 
hybrid  bearing  with  NBD-200  balls  is  about  35540  hours,  while  the  one  percent  failure  life  (LI) 
is  only  1.7  hours. 

Table  10  tabulates  the  lives  of  216  balls  of  NBD-200  material  and  the  result  of  the  maximum 
likelihood  analysis  ba.sed  on  216  balls.  The  negative  life  values  denote  suspensions. 

Similar  calculations  were  performed  for  the  test  data  of  24  hybrid  206  bearings  with  Toshiba 
balls  based  on  4  failures  and  212  suspensions.  Table  11  lists  the  lives  of  216  balls  of  Toshiba 
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material  and  the  results  of  analysis.  It  was  shown  that  the  calculated  L,„  life  was  132  hours  and 
the  L50  life  was  243  hours.  Note  that  in  Appendix  D,  Weibull  software  was  used  to  calculate 
the  L,o  and  L50  lives  based  on  the  failure  lives  of  the  four  groups  of  hybrid  bearings  with 
Toshiba  balls..  The  calculated  L,o  was  124  hours  and  Ly,  was  424  hours.  Comparison  of  the 
calculated  lives  based  on  the  two  methods  shows  closer  agreement  in  L,o  calculation  (i.e.,  13z 
versus  124  hours)  than  in  the  L50  calculation.  The  Weibull  software  was  not  applicable  for  test 
results  of  hybrid  bearings  with  Norton  balls,  since  only  one  failure  data  joint  was  available, 
which  is  insuffucient  for  the  conventional  Weibull  analysis. 

The  maximum  likelihood  calculated  failure  probability  of  hybrid  206  bearings  with  two  baseline 
ball  materials  in  terms  of  test  hours  and  bearing  revolutions  is  plotted  in  Figure  49.  The 
calculated  Weibull  slopes  were  0.236  and  3.1  respectively  for  the  NBD-200  and  TSN-03H.  The 
value  of  Weibull  slope  for  the  hybrid  bearing  test  with  TSN-03H  balls  is  many  times  greater 
than  the  Weibull  slope  in  the  rotating  beam  test  of  the  same  material.  The  reason  for  the  large 
discrepancy  in  Weibull  slopes  in  the  rotating  beam  test  and  hybrid  bearing  test  with  the  TSN- 
03H  material  is  not  known.  Possible  manufacturing  flaws  could  exist  in  the  ceramic  balls,  such 
as  that  reported  by  Bill  Ellingson  [34]  of  the  Argonne  Laboratory  in  his  examination  of  Garrett 
made  silicon  nitride  balls. 
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Table  10 

NBD-200  ball  endurance  test  data  and 
failure  probability  calculation 
using  maximum  likelihood 

TOLMJffilCFKILnGEIBCir,  SMIESEE=  216 

ICT  CF  HILnC  EtBfNT  LMS 


13.600 

-13.600 

-D.600 

-D.600 

-13.600 

-13.600 

-13.600 

-13.600 

-13.600 

-13.600 

-13.600 

-13.600 

-13.600 

-13.600 

-B.600 

-13.600 

-13.600 

-B.600 

-13.600 

-13.600 

-B.600 

-13.600 

-13.600 

-B.600 

-13.600 

-B.600 

-B.600 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1509.900 

-1511.500 

-1511.500 

-15U.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511 JOO 

-15n.500 

-15U.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-15U.500 

-1511.500 

-1511.500 

-15U.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

-1509.000 

VEHlLaCEE  (EDO  =  0.2356 


33IE  FmEER  = 

0.5601EtB 

MMER  CF  KnUC  Efieff  ER  2?RI1€ 

raUK:  IHBHILnY  \5 

TEST  KIPS 

0.005000 

0.1 

0.010000 

1.7 

0.050000 

1675.1 

0.100000 

35544.1 

0.500000 

105425120.0 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-B.600 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-1509.900 

-1509.900 

-150.900 

-15n.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-15U.500 

-1511.500 

-15U.500 

-1511.500 

-15U.500 

-15U.500 

-1511.500 

-1511.500 

-1511.500 

-1511.500 

-15U.500 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 

-1509.000 

-150.000 

-150.000 
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Table  11 


TSN-03H  ball  endurance  test  data  and 
failure  probability  calculation 
using  maximum  likelihhod 

Tm  iiifiR  CF  Kim]  Ea®ir,  smESUE^  216 


UST  CF  Kim]  HSGir  LMS 


173  2(X) 

183.100 

50.100 

142.000 

-173200 

-173200 

-173^00 

-173200 

-173.200 

-173200 

-17320) 

-173200 

-173200 

-173.2)0 

-173200 

-173200 

-173200 

-173200 

-173200 

-173200 

-173200 

-173200 

-173200 

-173 2D0 

-173200 

-173200 

-173.200 

-173.200 

-173.200 

-173200 

-173200 

-173200 

-1732(X) 

-173200 

-173.20) 

-173.200 

-173200 

-173200 

-173.200 

-173200 

-173200 

-173200 

-173200 

-173200 

-173.200 

-173200 

-173200 

-173200 

-17320) 

-m2oo 

-173200 

-173200 

-173200 

-173.200 

-173200 

-173200 

-173.200 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-1H3.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-183.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50,100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50.100 

-50,100 

-50.100 

-50.100 

-50.100 

-50,100 

-50.100 

-142.000 

-142.000 

-142.000 

-142,000 

-142.000 

-142.000 

-142,000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142,000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

-142.000 

VEIHIL  SLCEE  (BEDU  =  3.1061 

33L£  fWWHER  =  0.5544Bt03 

Him  CF  FOIJIG  ELEMENT  PER  ^  9 


RtEBILnY  'JS 

TEETHUS 

0.005000 

49.7 

0.010000 

£22 

0.050000 

105.0 

0.100000 

132.4 

0.500000 

242.9 
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MAXIMUM  LIKELIHOOD  ESTIMATE  OF  FAILURE  PROBABILITY 

6206  HYBRID  BALL  BEARINGS  SUDDEN  DEATH  ENDURANCE  TEST 


BEARING  OPERATING  TIME  (HOURS) 


-10  1  2  3 

5  10  5  10  6  10  5  10  6  10  5 

MILLION  PEVOLUTIONS 


FIG. 49 


Maximum  likelihood  estimate  of  TSN-03H  and  NBD-200 
ball  failure  probability  based  on  endurance  test  data 


5.0  TENSILE  STRESS  IN  HERTZIAN  CONTACTS 


5.1  Tensile  Stress  On  the  Perimeter  of  a  Hertzian  Contact 

The  loading  of  a  ball  onto  a  shaft  or  a  ball  bearing  raceway  results  in  a  Hertzian  elliptical 
contact,  in  which  an  ellipsoidal  pressure  distribution  prevails.  The  perimeter  of  the  elliptical 
contact  area  is  subject  to  tensile  stress,  acting  normal  to  the  elliptical  boundary.  For  ceramic 
rolling  element  components,  we  consider  the  tensile  normal  stress  as  the  critical  stress  which 
governs  the  crack  growth  under  fatigue  loading.  For  stationary  Hertzian  circular  contact,  which 
occurs  when  indenting  a  hard  ball  onto  a  flat,  the  tensile  stress  is  the  cause  of  "cone  crack," 
which  has  been  studied  thoroughly  by  Lawn  [35]. 

For  a  frictionless  Hertzian  contact,  the  magnitude  of  the  tensile  stress  is  a  function  of  the 
Poisson  ratio  and  the  aspect  ratio  (axes  ratio)  of  the  ellipse.  Johnson  [36]  and  Lure  [37] 
presented  the  closed  form  formulas  for  the  stresses  at  the  ends  of  the  major  and  minor  axes  of 
a  contact  ellipse  as  shown  in  Table  12. 


TABLE  12 
Contact  Ellipse  Axes 


Coordinates 

Formulas  for  Stresses 

End  of  Major  axis 

x=±a,  y=0 

ffj  =  -(7y  =  p„  (l-Z^Xb/ae^)  [e '  tanh  'e  -1  ] 

End  of  Minor  axis 

X 

11 

p 

II 

H- 

o* 

<jy  =  -a,  =  p„  (l-Zi'Xb/ae^)  [1  -  (b/ae)  tan  ‘(ae/b)  ] 

where  e^  =l-bVa^  . 

Figure  50  presents  the  plots  of  the  ratio  of  principal  tensile  stress  at  the  ends  of  the  major  and 
minor  axis  to  the  maximum  contact  pressure  as  a  function  of  the  aspect  ratio  (b/a)  and  Poisson 
ratio  (v).  For  given  aspect  ratio  and  maximum  contact  pressure,  the  maximum  tensile  stress  at 
the  edge  of  the  contact  ellipse  is  higher  in  ceramics  (1^=0. 26)  than  in  steel  (j' =0.29-0. 30). 
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VARIATION  OF  RATIO  OF  TENSILE  STRESS  TO  MAX.  CONTACT  STRESS 
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Calculations  have  been  made  for  the  Hertz  contact  parameters  of  the  elliptic  contact  for  the  206 
ball  bearing  and  RCF  test  rig  with  particular  interest  in  the  tensile  stress  at  the  edge  of  the 
contact  area.  Table  13  tabulates  the  values  of  the  aspect  ratio  a/b  and  the  maximum  tensile 
stress  (scaled  by  the  maximum  contact  pressure)  for  the  206  ball  bearing,  RCF  test  rig  and  the 
NASA  five  ball  test  rig.  Table  13  also  shows  for  three  cases  of  maximum  contact  pressure,  the 
maximum  tensile  stresses  in  the  five  ball  rig  and  the  RCF  rig  (under  three  levels  of  loadings). 
This  calculation  indicates  the  high  likelihood  of  crack  initiation  along  the  edge  of  contact  in  the 
RCF  rig  and  the  five  ball  test  rig. 


TABLE  13 

Calculation  of  Maximum  Tensile  Stresses 
for  Hybrid  Hertzian  Contacts 
(use  Poisson  ratio  0.26  for  silicon  nitride) 


206  Ball  Bearine 

RCF  Test  Rie 

Five  Ball  Rie 

Radius  of  curvature: 

Rx 

4.875 

0.250 

0.125 

Ry 

0.1663 

0.107 

0.125 

Aspect  ratio  a/b 

8.7736 

1.756 

1.0 

Max.  Tensile  stress  = 

Max.  Contact  stress 

0.1043 

0.168 

0.16 

Max.  Contact  stress 
(ksi) 

538 

860 

910  1000 

700 

Max.  tensile  stress 
(ksi) 

56.1 

144 

153  168 

112 

(MPa) 

387 

993 

1055  1159 

772 
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5.2  The  Subsurface  Principal  Tensile  Stress  Field  in  Hertzian  Elliptical  Contact 

The  formulation  for  the  stress  at  any  arbitrary  point  in  the  solid  under  the  Hertzian  normal  is 
available  in  [38,43].  In  the  subsurface  zone  beneath  the  perimeter  of  the  contact,  the  maximum 
tensile  stress  occurs  outside  the  projected  elliptical  area.  Therefore,  for  given  values  of 
coordinates  x  (<  A)  and  z  (the  depth),  the  computer  program  has  to  search  for  the  y  value  where 
the  principal  tensile  stress  reaches  the  maximum  value. 

For  the  Hertzian  contact  without  friction.  Figs.  51  and  52  show  the  contours  of  equal  maximum 
tensile  principal  stress  as  a  function  of  x  and  z  coordinates  (scaled  by  b,  the  semi-minor  axis) 
for  the  aspect  ratio  (a/b)  equal  to  8.774  and  1.765  respectively.  Note  that  the  aspect  ratio  8.774 
and  1.765  correspond  to  the  inner  ring  contact  of  the  206  test  hybrid  bearing  and  the  ball  rod 
contacts  of  the  FMC  rolling  contact  test  rig  respectively.  The  values  of  the  Poisson  ratio  used 
in  these  two  plots  are  the  same,  i.e.,  0.26,  which  is  applicable  to  silicon  nitride. 

The  principal  tensile  stress  is  important  to  the  failure  initiation  in  silicon  nitride  material. 
Experiment  by  Chao  and  Shetty  [28]  has  shown  that  for  silicon  nitride,  crack  initiates  mostly 
from  the  pores  in  a  direction  perpendicular  to  the  direction  of  tensile  principal  tensile  stress. 
Thus,  the  stress  contours  shown  in  Figs.  51  and  52  are  measures  of  volume  distribution  of 
severity  for  crack  initiation  in  the  cross  section  of  the  rolling  track  of  a  silicon  nitride  rolling 
element. 

5.3  Tensile  Stress  Distribution  in  Frictional  Hertzian  Contact 

Analytical  solution  of  contact  stresses  is  also  available  in  [37,39]  for  a  half  space  under  the 
tangential  traction  acting  on  a  contact  ellipse.  The  friction  force  is  assumed  to  follow  the 
Coulomb  law,  i.e.,  the  frictional  traction  is  proportional  to  the  Hertzian  contact  pressure.  As 
a  result  of  the  friction  force,  additional  tensile  stress  component  arises  at  the  trailing  edge  of  the 
contact  with  friction.  This  solution  is  assumed  to  be  applicable  to  the  contact  in  hybrid  ball 
bearing  with  uni-directional  (or  gross)  sliding.  A  previous  paper  by  Richerson  et  al.  [44]  has 
shown  substantial  tensile  stress  is  present  at  the  surface  under  combined  normal  and  tangential 
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load  at  the  trailing  edge  of  the  contact.  This  tensile  stress  is  very  localized  at  the  surface  and 
its  magnitude  is  highly  dependent  upon  the  coefficient  of  friction. 

Detailed  distribution  of  the  principal  stresses  under  a  sliding  Hertzian  load  with  specified  friction 
coefficient  have  been  investigated  for  the  case  of  206  ball  bearing  inner  ring  contacts.  The 
direction  of  sliding  is  assumed  to  be  parallel  to  the  minor  axis  of  the  elliptical  contact.  The 
results  show  that  the  maximum  tensile  principal  stress  occurs  at  the  surface  and  the  trailing  edge 
of  the  contact  at  the  end  of  the  semiminor  axis.  Figs.  53  and  54  show,  for  friction  coefficients 
equal  to  0.05  and  0.10  respectively,  the  contours  of  equal  principal  tensile  stress.  The  abscissa 
of  the  plot  is  x/B  whereas  the  ordinate  is  z/B,  where  z  is  the  depth  from  surface  and  x  is  the 
transverse  coordinate  from  the  center  of  the  contact  ellipse.  The  Poisson  ratio  is  0.26,  which 
is  applicable  to  silicon  nitride  material.  The  parameters  of  the  contours  are  the  ratios  of  tensile 
stress  to  the  maximum  contact  stress.  The  maximum  values  of  the  tensile  principal  stress  at  the 
end  of  the  minor  axis  are  0.142  and  0.238  for  friction  coefficients  equal  to  0.05  and  0.10 
respectively. 
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Table  14  tabulates  the  values  of  the  ratio  of  tensile  stress  to  the  maximum  contact  pressure  for 
elliptical  contact  of  two  aspect  ratios  corresponding  to  those  in  a  206  bearing  inner  ring  contact 
and  the  RCF  test  rig.  The  calculations  were  conducted  for  two  surface  locations,  i.e. ,  (1)  at  the 
end  of  the  semi-minor  axis,  which  is  parallel  to  the  direction  of  sliding,  and  (2)  at  the  end  of  the 
semi-major  axis  of  the  contact  ellipse.  Also,  two  friction  coefficient  values,  i.e.,  0.05  and  0.10 
have  been  used  as  input.  The  low  friction  coefficient  corresponds  to  the  case  of  well  lubricated 
EHD  contact  whereas  the  high  friction  coefficient  (i.e.,  0.10)  corresponds  to  a  boundary 
lubricated  contact  under  gross  sliding. 


TABLE  14 

Values  of  Tensile  Stress/Maximum  Hertz  Stress 
at  the  Edge  of  Sliding  Contact 
(direction  of  sliding  is  parallel  to  the  minor  axis) 


a/b 

Friction  coef. 
z/b 

(1)** 

x*0 

0.05 

(2) 

x*a 

(1) 

x*0 

0.10 

1 

8.774 

0. 

0.1423 

0.1047 

0.2384 

0.1061 

0.10 

0.0352 

0.0010 

0.0579 

0.0019 

1.756 

0. 

0.2220 

0.1700 

0.3100 

0.1762 

0.10 

0.0495 

0* 

0.0771 

0.0665 

*  Compressive  stress  only. 

**  Location  (1)  at  the  lower  end  of  minor  axis.  (2)  at  the  end  are 
respectively  the  semimajor  and  semiminor  axis  of  the  contact 
ellipse. 
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The  results  show  that  there  is  a  strong  effect  of  surface  friction  on  the  maximum  tensile  stress 
in  contact  with  gross  sliding.  For  a  friction  coefficient  equal  to  0. 1,  the  maximum  tensile  stress 
reaches  31%  of  the  maximum  contact  pressure.  Even  in  the  case  of  a  low  friction  coefficient 
(0.05),  the  maximum  tensile  stress  is  about  21%  of  the  maximum  pressure.  In  most  severely 
loaded  ball  bearing  contacts,  these  tensile  stresses  precipitate  the  initiation  of  surface  cracks, 
depending  on  the  material  or  surface  defects.  The  results  indicate  that  gross  sliding  is 
detrimental  to  the  contact  fatigue  of  ceramic  bearings. 


94 


6.0  FAILURE  PROBABILITY  PREDICTION  FOR  ROLLING  CONTACTS 


The  objective  here  was  to  calculate  the  reliability  of  a  silicon  nitride  rolling  element  using  the 
solution  of  contact  stress  and  the  previously  presented  volume  integration  formulation  for  failure 
risk  formulated  in  Section  3.5.2. 

6.1  Assumptions 

Several  assumptions  were  made  as  follows: 

1.  The  contact  pressure  between  the  rolling  elements  was  assumed  to  be  ellipsoidal  as  in  a 
frictionless  Hertzian  contact,  having  an  elliptical  area  of  contact. 

2.  The  frictional  traction  within  the  contact  ellipse  was  assumed  to  be  unidirectional,  following 
the  Coulomb  law.  The  distribution  of  frictional  traction  is  also  ellipsoidal  as  is  the  eontact 
pressure. 

3.  The  effect  of  friction  on  the  contact  pressure  in  a  Hertzian  contact  was  neglected. 

4.  The  critical  stress  in  the  failure  probability  formulation  of  a  material  element  was  assumed 
to  be  the  maximum  value  of  tensile  stress  the  element  experienced  during  the  passage  of  a  Hertz 
load.  Also,  volume  flaw  analysis  was  applied,  whieh  assumed  that  failure  initiation  was  due  to 
volume  defect,  rather  than  surface  defects. 

In  both  RCF  rig  and  hybrid  ball  bearings,  the  contact  pressure  is  Hertzian  distributed.  For  the 
ball  bearings,  the  calculations  began  with  the  contact  force  between  the  ball  and  the  rings,  the 
maximum  contact  pressure,  and  the  major  and  minor  axes  of  the  ellipse  of  each  contact. 
Subsurface  stress  distribution  was  calculated  point  by  point  in  the  material  to  determine  the 
maximum  tensile  principal  stress  along  the  direction  of  rolling,  over  a  grid  on  the  plane  normal 
to  the  direction  of  rolling.  Volume  integration  was  then  performed  numerically  on  Eq.  (7) 
around  the  rolling  track  on  the  ball. 

Only  the  failure  probability  of  the  ceramic  components,  i.e.,  the  RCF  rod  and  the  balls  in  the 
hybrid  bearings  were  to  be  calculated.  The  results  of  calculation  are  presented  for  the  failure 
probability  in  terms  of  the  number  of  stress  cycles,  or  bearing  revolutions. 
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A  Cartesian  coordinate  system  was  used  with  its  origin  at  the  center  of  the  elliptic  contact  area. 
We  assumed  z  was  the  depth  coordinate,  x  pointed  to  the  transverse  direction  of  the  rolling  track 
and  y  pointed  to  the  rolling  direction.  For  given  values  of  x,  y  and  z,  the  normal  and  shear 
stresses  were  first  calculated,  from  which  the  principal  stresses  were  obtained.  For  given  values 
of  X  and  z,  the  maximum  values  of  principal  tensile  stresses  along  the  points  along  the  y- 
direction  were  determined  by  iteration.  An  area  integration  was  performed  over  the  highly 
stressed  zone  on  the  x-z  plane  using  eq.  (4)  and  the  maximum  tensile  stress  calculated  above, 
which  is  a  function  of  z  and  x.  The  volume  integration  in  eq.  (4)  is  the  product  of  the  above 
area  integration  and  the  track  length  of  the  RCF  rod,  which  is  29.9  mm  in  perimeter. 

Table  15  shows  the  material  variables  and  operating  parameters  required  as  input  to  the  failure 
probability  calculation  of  a  ceramic  body  with  a  rolling  track  under  the  moving  Hertzian  load 
with  sliding  friction.  Typical  values  of  the  input  are  also  given  in  the  rightmost  column  of 
Table  15. 

In  thrust  loaded  ball  bearings,  all  the  balls  were  assumed  to  be  equally  loaded.  The  ball 
rotational  axis  was  stationery  with  respect  to  the  bearing  axis.  The  ball-race  contact  should 
remain  on  the  same  track,  resulting  in  a  single  wear  track  to  be  formed. 

6.1.1  The  Relationship  Between  Ball  Rotational  Cycles  and  Bearing  Revolutions 

The  bearing  angular  velocity  is  defined  as  the  relative  angular  velocity  between  the  inner  ring 
and  outer  ring.  Qq  is  the  sum  of  the  relative  angular  velocity  between  the  inner  ring  and  cage, 
fijc,  and  the  relative  angular  velocity  between  the  outer  ring  and  the  cage,  or 

^0  ~  ^ic  T  ^ec 


Note  that 


^ic  ~  ^ec  ^  ~  14  Q5  D  COSO: 
Ri  =  1/2  d„,  (  1  -  7  ) 

R,  =  1/2  d„,  (  1  -f  7  ) 
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(22) 


TABLE  15  Input  Constants  for  Reliability  Prediction 


Material 

Constants: 

Units 

Tvoical 

values 

Weibull  modulus,  m 

10. 

Scale  Parameter,  c. 

GPa 

1.1 

Poisson  ratio,  v 

0.26 

Fatigue  Exponent .  n 

25 

Crack  Growth  Constant,  B 

GPa*  Cycles 

4.E+6 

Maximum  Hertzian  Pressure.  P„„ 

GPa 

3.5 

Wear  Track  Diameter 

mm 

11.1 

Number  of  Load 

1 

Semi-major  axis,  a 

mm 

2.2 

Semi-minor  axis,  b 

mm 

0.25 

Sliding  friction  coefficient,  p 

0.05 

Cycles 

1.E5 
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where  is  the  bearing  pitch  diameter,  D  the  ball  diameter,  a  the  contact  angle, 
and  7  =  D  cosa  /d,„ 

The  above  equations  become: 

(l-7)Qie  =  (l+7)fiec  =  flbT  (23) 

The  bearing  angular  velocity  becomes: 

fio  =  [  t/(1  +7)  +  7/(l-7)  ]  =  2  Q,  7/(1-7^  )  (24) 

Thus  the  number  of  bearing  revolutions  is  equal  to  the  number  of  ball  rotational  cycles 
multiplied  by  a  factor  2y/(l-'/). 

6.2  Example  1  -  Ceramic  Rod  in  RCF  Tester 

A  RCF  rod  of  silicon  nitride  ceramics  tested  in  a  ball-rod  test  rig  (i.e. ,  the  Federal  Mogul  tester) 
was  considered.  In  this  test  configuration  (see  Fig.  55a),  there  were  three  preloaded  orbiting 
balls  of  1/2"  diameter  in  contact  with  the  rod  of  3/8"  diameter.  The  maximum  contact  stress 
between  the  rod  and  the  balls  was  assumed  to  be  6.0  GPa  for  steel  ball  and  ceramic  rod 
contacts.  Under  this  load,  the  semimajor  and  semiminor  axes  of  the  contact  ellipse  were  0.398 
mm  and  0.227  mm  respectively.  The  aspect  ratio  a/b  =1.756. 

Ref.  [41]  shows  that,  in  a  RCF  rig,  one  revolution  of  the  test  rod  corresponds  to  2.389  contact 
stress  cycles  acting  on  the  rod. 

The  typical  maximum  contact  pressure  applied  in  this  test  was  6.4  GPa  (930  ksi).  However,  as 
reported  by  Lucek  [5],  wear  and  possible  plastic  deformation  on  the  ball  and  rod  surfaces 
resulted  in  a  concave  curvature  and  subsequently  lower  maximum  contact  pressure.  According 
to  Lucek  [42],  the  reduced  maximum  contact  pressure  was  about  6.0  GPa  as  the  result  of  wear. 
Note  that  both  [5]  and  [7]  reported  that  the  major  cause  of  failure  in  the  highly  stressed  RCF 
test  was  the  microcracking  at  the  edge  of  the  rolling  track  due  to  the  tensile  stress  at  the  edge 
of  the  elliptical  Hertz  contact. 
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FIG. 55a  Federal  Mogul  RCF  test  configuration 


Numerical  examples  were  calculated  for  the  failure  probability,  i.e.,  the  probability  of  the 
occurrence  of  a  macrocrack  as  a  function  of  life  in  cycles  for  the  two  materials  using  Poisson 
ratio  0.26  for  the  two  cases.  The  results  of  failure  probability  calculation  versus  the  life  in 
cycles  for  the  two  materials  were  plotted  in  Fig.56.  It  was  shown  that  at  low  cycles,  the  failure 
probability  was  dominated  by  that  due  to  fast  fracture,  the  failure  probability  of  the  two 
materials  at  low  cycles  was  about  equal.  At  higher  cycles,  the  NBD-200  rod  had  lower  failure 
probability  than  the  TSN-03H  rod.  Since  the  property  data  of  TSN-03H  showed  the  values  of 
the  Poisson  ratio  varied  from  0.26  to  0.28,  additional  reliability  calculation  was  performed  for 
TSN-03H  using  Poisson  ratio  (v)  equal  to  0.28.  The  results  of  failure  probability  in  these 
calculations,  together  with  the  previously  calculated  values  for  the  two  materials  using  Poisson 
ratio  equal  to  0.26  were  plotted  in  Fig.57.  It  was  shown  that  the  failure  probability  of  TSN-03H 
at  v=0.28  was  lower  than  that  with  v=0.26,  because  the  former  had  lower  maximum  tensile 
stress  at  the  edge  of  the  contact  than  the  latter.  The  failure  probability  of  TSN-03H  using  three 
values  of  Poisson  ratio  (0.26,  0.27  and  0.28)  as  parameters  was  plotted  in  Fig.58.  The  results 
show  that  failure  probability  was  a  strong  function  of  the  Poisson  ratio  of  the  ceramic  material. 

For  the  RCF  test  at  maximum  contact  stress  of  6  GPa  between  the  ceramic  rod  and  three 
orbiting  balls,  Fig.59  plots  the  variation  of  failure  probability  with  stress  cycles  for  the  rod  of 
the  TSN-03H  ceramics  using  the  sliding  friction  coefficient  on  surface  as  parameters  was  plotted 
in  Fig.59.  The  curves  show  that  the  failure  probability  was  not  zero  at  small  number  of  stress 
cycles  because  ceramic  material  always  had  certain  probability  of  fast  fracture  failure  even 
before  the  cycling  began.  It  was  also  shown  that  the  failure  probability  increased  rapidly  with 
increasing  friction  coefficient.  The  greater  predicted  failure  probability  in  TSN-03H  rod  than 
in  NBD-200  rod  in  high  cycles  is  consistent  with  the  previous  RCF  testing  at  MTI  reported  in 
[14]. 

Figure  60  shows  that  the  maximum  tensile  stress  in  the  ball-rod  contact  with  maximum  pressure 
4  GPa  at  the  edge  of  the  rolling  track  (Fig.  55a)  increased  rapidly  with  the  friction  coefficient. 
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RCFTEST  RELIABILITY  PREDICTION 

MAXIMUM  PRESSURE  6.0  GPA 


Failure  probability  of  RCF  rod  of  two  ceramic 
baseline  materials  at  =  6.0  GPa 
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RCF  TEST  RELIABILITY  PREDICTION 

MAXIMUM  PRESSURE  6.0  GPA 
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STRESS  CYCLES 

Failure  probability  of  RCF  rod  of  two  ceramics 
with  different  Poisson  ratios  at  =  6.0  GPa 


VARIATION  OF  RELIABILITY  WITH  POISSON  RATIO 
TSN-03H 


STRESS  CYCLES 


Variation  of  failure  probability  of  TSN-03H  RCF  rod  with 
Poisson  ratio  at  p_  =6  GPa 
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STRESS  CYCLES 


FIG  59  variation  of  failure  probability  of  TSN-03H  RCF  rod  with 
friction  coefficient  at  =  6.0  GPa 

MAXIMUM  TENSILE  STRESS  VS  FRICTION  COEFF. 

RCF  ROD.  MAX  PRES  A  GPA 


FIG. 60  Variation  of  Maximum  tensile  stress  in  NBD-200  RCF  rod 
with  friction  coefficient,  at  p^  =  4.0  GPa 
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6.2.1  Maximum  Tensile  Stress  and  Effective  Volume  in  RCF  Contacts 
Table  16  tabulates,  for  the  RCF  rod  contact  with  maximum  contact  pressure  6.0  GPa,  the  values 
of  maximum  tensile  stress  and  effective  volume  for  three  cases.  Table  17  shows  the  comparison 
of  effective  volume  in  the  RBF  test  specimen,  the  4-point  bending  test  (used  by  Norton/Cerbec), 
the  3-point  bending  test  (used  by  Toshiba  Co.),  as  well  as  the  RCF  test  rod  at  6.0  GFa 
maximum  pressure.  The  very  low  values  of  the  effective  volume  in  the  RCF  rod  explain  its 
ability  to  stand  very  high  tensile  stress  (in  the  order  of  1  GPa)  with  many  million  cycles  of 
fatigue  life,  while  in  the  static  3-point  bending  (MOR)  test  by  Norton/Cerbec  Inc.,  the  failure 
stresses  of  the  MOR  bars  were  mostly  lower  than  1  GPa.  In  the  latter,  the  effective  stress 
volume  was  12  mm^  which  is  much  greater  than  that  of  the  RCF  rod  under  loading  from  balls. 
This  comparison  showed  the  stress  volume  was  an  important  parameter  in  reliability  estimation, 
in  both  fast  fracture  as  well  as  in  cyclic  fatigue.  For  rolling  contacts,  the  stress  volume  was 
small,  so  that  high  tensile  stress  did  not  cause  high  failure  probability. 

6.3  Example  2  -  Angular  Contact  Hybrid  Ball  Bearings 

An  angular  contact  hybrid  ball  bearing  under  pure  thrust  load  was  considered.  The  detail 
bearing  and  contact  dimensions  are  given  in  Table  18.  The  balls  were  equally  loaded  and  the 
ball-race  contact  forces  moved  around  rolling  tracks  on  the  balls,  which  lies  on  a  plane 
perpendicular  to  the  axis  of  rotation  of  the  ball  with  respect  to  the  bearing  cage,  as  shown  in 
Fig.  55b. 

The  case  of  a  thrust  loaded  ball  bearing  was  considered  here  for  simplicity,  since  the  ball  and 
race  contact  remained  on  the  same  track. 

The  failure  probability  of  a  ball  set  with  Z  balls  was  calculated  using 

Pbanset  =  1  -(1-Pbal<)^  (25) 

For  the  stressed  volume  around  the  rolling  track  (or  tracks)  on  a  ball,  the  failure  probability  was 
first  calculated  for  one  ball  under  the  moving  loads  of  inner  and  outer  ring  contact  forces. 
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TABLE  16 

Variation  of  Maximum  Tensile  Stress,  Effective  Volume 
in  RCF  Contacts  at  Maximum  Pressure  6.0  GPa 


Material 
type  ratio 

Poisson 

Max.  Tensile 
Stress  (MPa) 

Eff.  Volume 

(mm’) 

TSN-03H 

0.26 

1007 

0.0485 

TSN-03H 

0.28 

923 

0.0472 

NBD-200 

0.26 

1007 

0.0554 

TABLE  17 

Comparison  of  Effective  Volumes  in  Various  Tests 


Test  Type  Effective  Volume,  mm’ 


RBF  Test 

4-pt  bending 
(Cerbec) 

3-pt  bending 
(Toshiba) 

RCF  Test 
(Pmax=6  GPa) 


40  -  44 
12 

1.6 

0.047  -  0.055 
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The  reliability  prediction  of  ceramic  balls  in  a  pure  thrust  loaded  hybrid  ball  bearing,  in  which 
the  balls  "track"  without  tumbling  was  similar  to  that  of  a  ceramic  rod  in  a  RCF  ball-rod  tester, 
since  both  have  clear  rolling  tracks  in  which  the  stress  volume  and  stress  cycles  can  be  defined. 
Such  purely  thrust  loaded  hybrid  ball  bearing  testing  is  currently  underway  in  the  Timken 
Company’s  test  laboratory  under  contract  with  Norton/Cerbec  Co. 

Table  18 

of  A  Pure  Thrust  Loaded  Hybrid  Ball  Bearing 

28 

11.11  mm 
2700  rpm 
30.3/0  kN 
Exxon-89 
Si3N4  ’B’ 

111.8  mm 
33  degrees 
2.41  GPa  (inner), 

2.39  GPa  (outer) 

2.11  mm/0.183  mm(inner) 

1.84  mm/0.212  mm(outer) 

Based  on  the  method  of  volume  integration  of  a  moving  Hertzian  elliptical  contact  given  in 
Section  3.6  for  single  and  multiple  contact  loads  and  the  material  constants  obtained  from  the 
statistical  analysis  of  the  rotating  beam  test  data  for  the  two  baseline  materials,  a  calculation  was 
performed  to  determine  the  failure  probability  of  the  ceramic  body  (i.e.,  a  ball)  under  cyclic 
contact  loads.  The  contact  loads  consisted  of  the  ball-inner  race  contact  load  and  the  ball-outer 
race  contact  load.  The  failure  probability  was  calculated  separately  for  the  irmer  and  outer  ring 
contact  loading.  Equation  (17)  was  then  applied  to  obtain  the  total  failure  probability  of  a  ball 
in  a  bearing  subjected  to  both  inner  and  outer  ring  contact  loading. 


Test  Conditions  and  Dimensions 
Number  of  balls 
Ball  Diameter 
Speed 

Bearing  load  F3,i,|/F,,diai 

Lubricant 

Ball  material 

Bearing  Pitch  Diameter 

Contact  angle 

Maximum  contact  pressure 

Contact  Semi-major/minor  axis 
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Using  the  above  Hertzian  contact  parameters  as  input,  the  failure  probability  of  one  ball  (Pbaii) 
in  the  Norton/Cerbec  test  bearing  was  calculated  first.  The  failure  probability  of  the  28  ball  set 
in  this  bearing  was  calculated  using  Eq.  (25).  For  the  above  mentioned  pure  thrust  loaded 
hybrid  bearing,  the  failure  probability  of  the  28  ball  set  with  a  single  rolling  track  (dashed 
curves)  and  the  double  tracks  (in  solid  curves)  as  a  function  sliding  friction  coefficient,  ball 
contact  cycles  (or  bearing  revolutions)  were  plotted  in  Figs. 61  and  62,  respectively,  for  TSN- 
03H  and  NBD-200  ball  materials. 

In  the  above  plots,  the  increased  failure  probability  in  the  case  of  double  tracks  on  the  balls  was 
due  to  the  increased  stressed  volume  from  the  single  track. 

In  the  above  calculation,  the  maximum  contact  stress  was  350  ksi  (or  2.4  GPa).  The  sliding 
friction  coefficient  was  assumed  to  be  uniform  throughout  the  contact  ellipse.  The  direction  of 
sliding  was  the  same  as  the  direction  of  rolling,  i.e.,  it  applied  to  the  case  of  gross  sliding  in  the 
bearing. 

For  the  case  of  Cerbec  test  bearings,  we  had  D  =  11.11  mm  and  dn,  =112  mm,  a  =  33°  , 
which  yielded  y  =11.1/112  x  0.8387  =  0.083  and 

=  27/(1  V)  =  0.1675 

The  result  shows  that  the  failure  probability  was  a  weak  function  of  the  stress  cycles  and  strong 
function  of  the  friction  coefficient.  The  failure  probability  was  approximately  a  constant  for 
stress  cycles  less  than  10^  cycles.  Also,  for  friction  coefficient  less  than  0.10,  the  failure 
probability  was  negligibly  small  below  10*  cycles. 
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PMAX  =  2.4  GPA.  DOUBLE  AND  SINGLE  TRACK 


10^  2  4  6  a  10*  2  4  6  B  10^  2  4  6  8  10^  2  4  6  8  lO* 


FIG. 61  Failure  probability  of  track-forming  TSN-03H  (28)  ball 
set  with  cycles  and  friction  coefficient,  p,^=2 . 4  GPa 


PMAX  =  2.4  GPA.  DOUBLE  AND  SINGLE  TRACK 


BALL  COMTACT  cycles 


Failure  probability  of  track-forming  NBD-200  (28)  ball 

set  with  cycles  and  friction  coefficients 
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The  plots  show  for  friction  coelRcients  less  than  0.12,  as  in  most  liquid  lubricated  bearings,  the 
failure  probability  of  the  ball  set  (with  28  balls)  is  negligibly  small.  This  means  for  both  the 
materials,  the  hybrid  bearings  are  almost  fail-safe  at  the  stress  level  of  350  ksi.  This  is 
consistent  with  the  endurance  test  in  the  Cerbec  contract  with  no  failures  (at  1100  hours)  in  all 
12  bearings  tested. 

6.3.1  Hybrid  Ball  Bearing  with  Non-track  Forming  Ball 

Under  certain  operating  conditions,  such  as  in  bearings  under  fluctuating  load,  or  radial  load, 
there  was  no  track  formed  on  the  ball  in  a  ball  bearing  if  the  rotational  axis  of  the  ball  relative 
to  the  bearing  axis  was  not  stationary.  In  this  case,  the  stress  volume  spread  uniformly  over  the 
entire  ball  surface  area,  rather  than  around  the  rolling  track.  The  depth  of  the  stress  volume  was 
assumed  to  be  the  same  as  that  under  a  rolling  track. 

As  in  the  preceding  calculation,  the  maximum  contact  stress  was  350  ksi  (or  2.4  GPa).  The 
sliding  friction  coefficient  was  assumed  to  be  uniform  throughout  the  contact  ellipse  and  the 
direction  of  sliding  was  the  same  as  the  direction  of  rolling,  i.e.,  it  applied  to  the  case  of  gross 
sliding  in  the  bearing. 

Figures  63  and  64  presented  for  the  two  baseline  materials,  the  failure  probability  of  the  (28) 
ball  set  in  the  Cerbec  test  bearing  as  a  function  of  friction  coefficient  and  the  "equivalent  bearing 
cycles"  (as  abscissa).  The  loading  on  the  hybrid  ball  bearing  was  the  same  as  the  preceding 
calculation. 

The  "equivalent  bearing  cycles"  is  the  number  of  bearing  revolutions  to  generate  a  (inner  ring 
or  outer  ring)  contact  pass  on  a  surface  element  on  a  ball. 

Appendix  E  gives  the  derivation  of  the  relation  between  the  equivalent  bearing  cycles  and  the 
bearing  revolution.  It  was  shown  that  the  number  of  bearing  revolutions  was  equal  to  the 
number  of  equivalent  bearing  cycles  multiplied  by  the  following  quantity 
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where  7  =  D/dn,  is  the  ratio  of  ball  diameter  and  pitch  diameter,  Ap  is  the  ball  surface  area, 
Ap  =  TT  D^,  and  At  is  the  area  of  the  rolling  track  in  the  track-forming  condition.  Appendix  E 
shows  that,  for  the  pure  thrust  loaded  Cerbec  test  bearings  with  non-track  forming  case,  the 
equivalent  bearing  cycles  (i.e.,  the  number  of  bearing  revolutions  to  generate  a  contact  pass  on 
an  arbitrary  surface  element  on  a  non-track  forming  ball)  was  0.440  for  the  inner  ring  contact 
and  0.51  for  the  outer  ring  contact. 

The  plots  show  for  friction  coefficients  less  than  0.12,  as  in  most  liquid  lubricated  bearings,  the 
failure  probability  of  the  ball  set  (with  28  balls)  was  negligibly  small.  This  means  that  for  both 
materials,  the  hybrid  bearings  are  almost  fail-safe  at  the  stress  level  of  350  ksi,  if  the  friction 
coefficient  is  kept  low,  i.e.  <0.10.  This  is  consistent  with  the  endurance  test  in  the  Cerbec’s 
contract  with  no  failures  (at  1100  hours)  in  all  12  bearings  tested. 

6.5  Discussion  of  Results 

At  low  or  medium  stress  cycles,  the  failure  probability  was  the  same  as  that  for  fast  fracture 
i.e.,  cracking  at  the  contact  perimeter  at  the  first  cycle  of  load.  This  probability  decreased  with 
decreasing  maximum  contact  stress.  After  the  stress  cycling  began,  the  failure  probability  was 
almost  constant  and  then  grew  very  slowly  with  cycles.  However,  after  a  large  number  of 
cycles,  the  rate  of  increase  of  failure  probability  increased  with  cycles. 

For  the  pure  thrust  loaded  hybrid  ball  bearing  in  the  second  example,  the  maximum  contact 
stress  was  2.4  GPa  (350  ksi).  The  calculated  failure  probability  for  the  ball  set  was  very  low, 
i.e.,  <  10'^  at  the  sliding  friction  coefficient  /i<  0.10.  The  analysis  also  shows  that  the  failure 
probability  of  the  balls  having  double  tracks  was  slightly  higher  than  that  with  single  track,  since 
the  former  involved  greater  stressed  volume  than  the  latter. 

The  method  used  for  reliability  prediction  differed  from  the  classical  bearing  load  rating  method 
of  Lundberg  and  Palmgren  |13|.  In  the  latter,  the  failure  probability  of  the  balls  or  rollers  was 
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not  considered,  and  the  critical  stress  in  the  formulation  was  the  so-called  alternating  shear 
stress.  In  the  present  method,  the  failure  probability  of  the  balls  was  considered,  and  only  the 
principal  tensile  stress  in  the  contact  stress  field  was  taken  into  account.  The  similarity  between 
the  present  method  and  [13]  was  that  both  methods  assumed  the  material  volume  flaws  as 
sources  of  failure. 

The  present  analysis,  based  on  the  Hertzian  contact  pressure  assumption,  became  less  valid  in 
the  low  Lambda  regimes  (i.e.,  thin  film  thickness  and  rough  surface  finish),  since  the  contact 
load  was  carried  by  the  micro-contact  of  asperities  on  the  mating  surfaces. 

A  previous  study  by  Richerson  et  al.  [44]  demonstrated  that  friction  had  a  strong  effect  on  the 
surface  tensile  stress.  Friction  can  be  decreased  by  improvement  in  the  surface  finish  and  by 
the  use  of  lubricant.  Lower  maximum  contact  stress  can  also  reduce  the  maximum  surface 
tensile  stress. 
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7.0  CONCLUSIONS 


Rotating  Beam  Fatigue  Testing 

1.  The  rotating  beam  fatigue  test  lives  of  the  two  test  materials  (i.e.,  TSN-03H  and  NBD-200) 
at  constant  bending  stress  showed  wide  scatter  with  Weibull  slope  less  than  unity. 

2.  The  fatigue  strength  of  the  HPSN  was  much  higher  than  that  of  the  sintered  silicon  nitrides. 
The  fatigue  strength  of  the  HPSN  was  comparable  to  that  of  a  hardened  bearing  steel  at  Rc  58- 
59  [23]. 

3.  Many  failures  in  rotating  beam  testing  were  found  to  originate  from  material  flaws,  such  as 
inclusions  and  pores.  The  existence  of  material  flaws  of  large  size  (i.e.,  >20  jum),  even  in  very 
small  numbers,  can  greatly  reduce  the  fatigue  strength  of  the  ceramic  material.  Therefore, 
material  cleanliness  should  not  be  compromised  in  the  advent  of  low  cost  manufacturing. 

4.  The  rotating  beam  tests  have  shown  to  be  a  good  tool  for  assessing  the  fatigue  properties  of 
ceramics,  even  though  not  all  the  failure  origins  in  the  fractured  specimens  could  be  identified. 

5.  Statistical  and  reliability  techniques  are  important  to  achieve  the  material  characterization  for 
the  two  materials,  which  includes  Weibull  modulus,  fatigue  (stress-life)  exponents,  Weibull 
slope,  and  crack  growth  constant. 

Hybrid  Ceramic  Ball  Bearings 

6.  Hybrid  bearing  endurance  tests  at  high  Lambda  values  have  produced  several  ball  spalling 
failures,  which  have  been  found  to  not  originate  from  the  steel  rings.  Fractography  of  the 
spalled  balls  show  small  metallic  elements  (in  three  of  the  five  cases)  but  no  large  material  flaws 
(i.e.,  inclusions). 

7.  There  is  partial  agreement  in  Weibull  slope  between  the  rotating  beam  and  hybrid  bearing 
tests.  The  Weibull  slope  of  the  failure  probability  of  the  NBD-200  balls  based  on  the  maximum 
likelihood  estimate  of  the  hybrid  bearing  test  data  is  0.24,  which  is  close  to  that  obtained  from 
the  rotating  beam  tests.  However,  the  Weibull  slope  for  TSN-03H  balls  based  on  bearing 
endurance  tests  is  3.1,  which  is  an  order  of  magnitude  higher  than  the  slope  based  on  the 
rotating  beam  test  data. 
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8.  The  predicted  failure  probability  in  ceramics  under  moving  Hertzian  load  increases  rapidly 
with  maximum  contact  pressure  and  the  sliding  friction  coefficient.  Therefore,  ceramic  bearing 
and  their  cages  should  be  carefully  designed  for  low  friction  coefficient  (via  good  lubrication) 
and  moderately  high  contact  stress  in  order  to  achieve  low  failure  probability. 

9.  For  hybrid  ceramic  ball  bearings  under  a  maximum  contact  pressure  of  2.4  GPa  (or  350  ksi^, 
the  predicted  failure  probability  of  the  ball  (or  ball  set)  is  extremely  small,  if  the  sliding  friction 
coefficient  <  0.10.  This  prediction  is  consistent  with  the  hybrid  bearing  endurance  testing  by 
Norton/Cerbec  in  this  ARPA  Ceramic  Bearing  Technology  Program. 
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8.0  RECOMMENDATIONS 


The  results  of  this  project  provide  both  valuable  insight  and  concrete  data  on  the  interaction  and 
fatigue  performance  of  two  key  bearing-grade  silicon  nitride  ceramics  in  the  rotating  beam 
fatigue  test  and  hybrid  ball  bearing  test.  Statistical  analysis  as  well  as  contact  stress  analysis 
have  been  applied  to  treat  the  test  data  as  well  as  to  predict  the  performance  of  the  ceramic 
components.  Nevertheless,  some  results,  such  as  the  bearing  test  data  and  the  reliability 
prediction  of  rolling  contact  components,  have  served  to  create  additional  questions  regarding 
the  assumptions  used  in  the  analysis  as  well  as  the  most  realistic  operating  conditions.  Building 
on  the  experience  gained  from  this  program,  more  studies  and  experiments  are  needed  to  further 
explore  this  technology  on  cyclic  fatigue  of  advanced  ceramics  as  well  as  to  demonstrate  the 
usefulness  of  the  analytical  procedures  developed  in  this  program.  Therefore,  the  following 
recommendations  are  made: 

•  A  new  series  of  hybrid  ball  bearing  endurance  tests  be  performed  at  different  (or 
multiple)  loads  to  determine  the  load-life  relationship  for  hybrid  bearings  using  clean  and 
contaminated  oils. 

•  Develop  the  most  economical  (in  terms  of  sample  size)  test  procedure  in  rotating  beam 
tests  and  hybrid  bearing  tests,  using  the  statistical  procedure  developed  in  the  present 
project. 

•  Explore  the  effect  of  compressive  stress  in  the  rolling  contact  material  on  its  failure 
probability  under  given  loading  conditions. 

•  Extend  the  reliability  prediction  of  rolling  components  developed  in  this  project  to  rolling 
contacts  with  marginal  lubrication. 

•  Include  the  steel  rolling  contact  members  in  the  life  prediction  calculation  of  hybrid 
ceramic  bearings,  taking  into  account  lubrication  and  friction  parameters. 

•  Rotating  beam  fatigue  testing  be  performed  at  an  elevated  temperature  to  obtain  material 
characterization  of  this  HPSN  at  high  temperature.  This  is  necessary  since  many  future 
applications  of  hybrid  or  full  ceramic  bearings  in  critical  military  components  involve 
elevated  temperature. 
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•  Explore  the  optimum  profiles  of  bearing  rolling  elements  which  will  produce  lowest 
surface  tensile  stress  with  and  without  friction  traction. 

•  Perform  rotating  beam  tests  using  steel  and  ceramic  specimens  with  diamond  indentations 
on  the  gage  sections  to  explore  the  effect  of  debris  contamination  denting  on  bearing 
lives. 
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APPENDIX  A 


TABULATION  OF  ROTATING  BEAM  TEST  DATA 
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ROTATING  BEAM  FATIGUE  TEST  DATA 


LEGEND: 


COLUMN 

(1)  Specimen  ID  number 

(2)  Test  machine  ID  number 

(3)  Surface  finish  index  number 

(  1.  better  than  sample  quality,  2.  sample  quality 
3.  lower  than  sample  quality  4.  slight  scratchy  ) 

(4)  Bending  moment  (in-lbs) 

(5)  Maximum  stress  (ksi) 

(6)  Date  of  test  (start) 

(7)  Date  of  test  (end) 

(8)  hour/minute  of  start  time 

(9)  test  cycles  at  end 

(10)  mode  of  test  at  end 
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(1) 

(2¥3i 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

non 

A55 

1 

2 

47 

72 

10.30 

11.11 

1145 

104233200 

s 

A44 

2 

2 

70 

109 

11.04 

11.05 

1540 

7700000 

s 

A44 

2 

2 

80 

123 

11.05 

11.05 

1000 

2708100* 

F 

A31 

2 

4 

80 

123 

11.06 

11.06 

1020 

31900 

F 

A39 

3 

1 

56 

87 

11.06 

11.07 

1620 

1634900 

F 

A48 

2 

2 

56 

87 

11.06 

11.16 

1605 

103928500 

S 

A37 

3 

1 

80 

123 

11.09 

11.10 

1420 

1903300 

F 

A46 

4 

2 

70 

109 

11.09 

11.09 

1445 

1 

FF 

A34 

4 

4 

70 

109 

11.09 

11.09 

1320 

31600 

F 

A8@ 

4 

1 

70 

109 

11.10 

11.10 

1000 

1 

FF 

All®  3 

1 

80 

123 

11.10 

11.10 

1000 

42300 

F 

A13 

4 

1 

70 

109 

11.10 

11.17 

1115 

75160900 

S 

A65 

3 

4 

71 

110 

11.10 

11.17 

1540 

67500500 

S 

A14 

1 

1 

80 

123 

11.11 

11.11 

1600 

1 

FF 

A22@  1 

1 

80 

123 

11.12 

11.12 

0940 

1 

FF 

A18@  1 

1 

80 

123 

11.12 

11.12 

1100 

396600 

F 

A4 

1 

4 

75 

116 

11.13 

11.13 

1040 

514800 

F 

A15 

1 

1 

55 

87 

11.13 

11.17 

1335 

37975400 

S 

A21 

2 

1 

60 

94 

11.16 

11.20 

1100 

36239000 

S 

A16 

3 

1 

65 

101 

11.17 

11.23 

1355 

55218600 

S 

A38 

1 

3 

70 

108 

11.17 

11.18 

1430 

3331300 

F 

123 


ROTATING  BEAM  FATIGUE  TEST  DATA  (CONT’D) 


0) _ (2)(3)  (4)  (5)  (61  (1) _ 18)  (9)  am 


A6@ 

4 

1 

75 

116 

11.17 

A45 

4 

3 

80 

123 

11.19 

A42 

4 

3 

55 

87 

11.19 

A52 

1 

1 

60 

94 

11.19 

A58 

2 

2 

65 

101 

11.20 

A53 

4 

2 

70 

108 

11.23 

A54 

1 

2 

75 

116 

11.23 

A57 

1 

3 

80 

123 

11.18 

A56 

3 

2 

80 

123 

11.23 

A61@  3 

2 

60 

94 

11.23 

A66 

1 

2 

65 

101 

11.24 

A67 

3 

2 

70 

108 

11.24 

A63 

3 

2 

75 

116 

11.14 

A59 

2 

2 

55 

87 

11.25 

A64 

3 

2 

60 

94 

11.25 

A49 

3 

2 

65 

101 

11.30 

A47 

4 

2 

75 

116 

11.30 

AlO 

2 

2 

60 

94 

11.30 

A9 

3 

2 

65 

101 

11.30 

A17 

4 

2 

75 

116 

12.01 

11.18 

1515 

3466800 

F 

11.19 

1030 

1 

FF 

11.23 

1030 

39562700 

S 

11.23 

1200 

36163700 

s 

11.24 

1600 

36170500 

s 

11.30 

1030 

68964800 

s 

11.24 

1130 

2914700 

F 

11.19 

1100 

1 

FF 

11.23 

1245 

207300 

F 

11.24 

1500 

3964200 

F 

12.02 

1000 

36133200 

S 

11.24 

1055 

249800 

F 

11.24 

1355 

408900 

F 

11.30 

0900 

47317200 

S 

11.30 

1030 

6092500 

F 

12.01 

1100 

401800 

F 

12.01 

1100 

5840300 

F 

21.04 

1245 

36318500 

S 

21.04 

1310 

40093700 

S 

12.01 

1000 

190200 

F 
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ROTATING  BEAM  FATIGUE  TEST  DATA  (CONT’D) 


(1) 

am. 

(4) 

(5) 

(6) 

17) 

18) 

19) 

IlKll 

A12 

3 

2 

65 

101 

12.14 

12.14 

1107 

756300 

F 

A27 

3 

2 

65 

101 

12.15 

12.15 

0915 

1410400 

F 

A26 

3 

2 

65 

101 

12.15 

12.15 

1440 

221000 

F 

A29 

3 

2 

65 

101 

12.15 

12.16 

1540 

10144000 

S 

A29 

3 

2 

70 

108 

12.16 

12.17 

1540 

9833000  * 

s 

A29 

3 

2 

80 

123 

12.10 

12.10 

1540 

440500* 

F 

A51 

2 

2 

65 

101 

1.05 

1.06 

1000 

7709500 

F 

A43 

3 

2 

70 

108 

1.05 

1.05 

1100 

9800 

F 

A68 

3 

2 

70 

108 

1.05 

1.05 

1125 

460000 

F 

A70 

3 

2 

60 

94 

01.06 

01.08 

1250 

20780200 

S 

A70 

3 

2 

70 

108 

01.08 

01.10 

1510 

975500* 

F 

A60@  2 

2 

55 

87 

01.07 

01.11 

1040 

34800000 

S 

A60 

2 

2 

75 

116 

01.11 

01.11 

1120 

9102300* 

F 

A62 

4 

2 

65 

101 

01.12 

01.12 

1110 

1 

FF 

A69@  4 

2 

65 

101 

01.12 

01.14 

1130 

20254100 

S 

A69 

4 

2 

80 

123 

01.14 

01.14 

1126 

591800* 

F 

A50 

3 

2 

65 

101 

01.20 

01.22 

1245 

23450000 

S 

A50 

3 

2 

75 

116 

01.22 

01.25 

1500 

33373500* 

s 

A50 

3 

2 

80 

123 

01.25 

01.26 

1545 

8419900* 

F 

A28 

4 

2 

65 

101 

01.20 

01.22 

1300 

23788000 

S 

A28 

4 

2 

75 

116 

01.22 

01.25 

1505 

2091000* 

F 

A5@ 

2 

2 

65 

101 

01.20 

01.22 

1310 

23399600  . 

S 

A5 

2 

2 

75 

116 

01.22 

01.25 

1510 

41207400* 

s 
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ROTATING  BEAM  FATIGUE  TEST  DATA  (CONT’D^ 


^1) - <2}(3}  (4) _ (5) _ (6)  (1) _ (8)  ('9')  nO^ 


A5 

2 

2 

80 

123 

01.25 

01.26 

1600 

614500* 

F 

A3@ 

3 

2 

65 

101 

02.08 

02.09 

1535 

639800 

F 

A7@ 

1 

2 

65 

101 

02.08 

02.09 

1540 

349200 

F 

A20@  3 

2 

65 

101 

02.10 

02.12 

1335 

20030200 

S 

A20 

3 

2 

70 

108 

02.12 

02.16 

1320 

26881000* 

S 

A20 

3 

2 

80 

123 

02.16 

02.16 

0900 

311900* 

F 

A19@  3 

2 

65 

101 

02.16 

02.16 

1230 

365600 

F 

A23@  3 

2 

55 

87 

02.26 

03.01 

0800 

7354800 

F 

A24 

1 

2 

55 

87 

03.01 

03.03 

1116 

20488100 

S 

A24 

1 

2 

60 

94 

03.03 

03.05 

1116 

19674100* 

S 

A24 

1 

2 

75 

116 

03.05 

03.08 

0835 

31690100* 

s 

A25 

3 

2 

55 

87 

03.01 

03.04 

1255 

24314200 

S 

A25 

3 

2 

60 

94 

03.04 

03.08 

0820 

32886100* 

S 

A25 

3 

2 

75 

116 

03.08 

03.10 

0756 

20029800* 

S 

All 

2 

2 

55 

87 

03.03 

03.05 

1112 

220122200 

S 

All 

2 

2 

60 

94 

03.05 

03.08 

1600 

224356000* 

S 

All 

2 

2 

75 

116 

03.08 

03.08 

0802 

619300* 

F 
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ROTATING  BEAM  FATIGUE  TEST  DATA  (CONT’D^ 


ID¬ 

(2)(3)  (4) 

_ (Dl 

....  (6) 

(7) 

18)  19) 

nnn 

ES 

3  2 

60 

94 

12.01 

12.07 

1445 

65182600 

s 

B64 

1  2 

65 

101 

12.03 

12.07 

0930 

39114800 

.  s 

B57 

3  2 

70 

108 

12.06 

12.08 

0930 

40784500 

s 

B40 

2  2 

75 

116 

12.06 

12.06 

1330 

1 

FF 

B35 

1  1 

80 

123 

12.07 

12.08 

1450 

1639600 

F 

B62 

2  2 

55 

87 

12.06 

12.10 

1350 

36656200 

S 

B27 

4  1 

75 

116 

12.07 

12.08 

1345 

3225100 

F 

B60 

1  2 

75 

116 

12.08 

12.08 

1515 

1. 

FF 

B71 

3  2 

70 

108 

12.11 

12.11 

1030 

31500 

F 

B28@  3  2 

75 

116 

12.11 

12.11 

1130 

38000 

F 

B33 

2  1 

77 

119 

12.11 

12.11 

1230 

1. 

FF 

B36 

2  2 

70 

108 

12.11 

12.15 

1345 

36094200 

S 

B65 

2  2 

60 

94 

12.06 

12.10 

1230 

17577000 

S 

B65 

2  2 

70 

108 

12.10 

12.10 

1010 

1124400* 

F 

B53 

3  2 

65 

101 

12.08 

12.10 

1330 

18030000 

S 

B53 

3  2 

75 

116 

12.10 

12.10 

1015 

270100* 

F 

B63 

4  2 

70 

108 

12.06 

12.10 

1415 

19456000 

S 

B63 

4  2 

75 

116 

12.10 

12.14 

1025 

22688000 

S 
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ROTATING  BEAM  FATIGUE  TEST  DATA  (CONT’D^t 


(1) 

(2)(3)  (4) 

_ (5L 

_ (61 

(7) 

18)  19) 

(10) 

B67@  1 

2 

55 

87 

12.08 

12.10 

1515 

15510000 

S 

B67 

1 

2 

70 

108 

12.10 

12.14 

1035 

34179000* 

s 

B67 

1 

2 

75 

116 

12.14 

12.19 

1031 

43000000* 

F 

B30 

2 

2 

75 

116 

12.15 

12.17 

1500 

10262400 

F 

B34 

2 

2 

80 

123 

12.15 

12.18 

1400 

2000 

F 

B20 

2 

1 

75 

116 

12.18 

12.18 

1445 

314800 

F 

B4 

2 

2 

77 

119 

12.21 

12.21 

1020 

8200 

F 

B31 

2 

1 

75 

116 

12.21 

12.21 

1020 

9100 

F 

B6 

3 

3 

75 

116 

01.04 

01.04 

1045 

870300 

F 

B18 

1 

2 

72 

111 

01.04 

01.09 

1150 

44120600 

S 

B18 

1 

2 

80 

123 

01.09 

01.11 

3053500 

F 

B15@  2 

2 

80 

123 

01.04 

01.04 

1452 

11800 

F 

B69 

2 

2 

75 

116 

01.04 

01.04 

1555 

1406500 

F 

B70 

4 

3 

77 

119 

01.05 

01.05 

1615 

10100 

F 

B45 

4 

2 

77 

119 

01.07 

01.08 

1245 

1905800 

F 

B47 

3 

2 

80 

123 

01.12 

01.12 

1300 

17900 

F 

B61 

1 

2 

65 

101 

01.14 

01.19 

1000 

23000000 

S 

B61 

1 

2 

75 

116 

01.19 

01.25 

1015 

58840000* 

S 

B61 

1 

2 

80 

123 

01.25 

01.26 

1530 

1057400* 

F 

B39@  3 

1 

65 

101 

01.29 

02.01 

0915 

30176300 

S 

B39 

3 

1 

75 

116 

02.01 

02.01 

0915 

2721100* 

F 

128 


ROTATING  BEAM  FATIGUE  TEST  DATA  rCONT’D^ 


O]! _ (2)(3)  (4)  (5)  (6) 


B32 

1 

1 

65 

101 

01.29 

B32 

1 

1 

75 

116 

02.01 

B51@  2 

2 

65 

101 

01.29 

B51 

2 

2 

75 

116 

02.01 

B51 

2 

2 

80 

123 

02.03 

B26@  4 

2 

65 

101 

01.29 

B26 

4 

2 

75 

116 

02.01 

B26 

4 

2 

80 

123 

02.03 

B41 

3 

1 

70 

108 

02.02 

B54@ 

4 

1 

70 

108 

02.03 

B3 

3 

2 

65 

101 

02.01 

B42 

3 

1 

70 

108 

02.02 

B42 

3 

1 

80 

123 

02.04 

B49@ 

4 

1 

70 

108 

02.05 

B49@ 

4 

1 

80 

123 

02.08 

B48@ 

3 

1 

70 

108 

02.05 

B43@ 

2 

1 

65 

101 

02.08 

H} _ (8)  (9)  (10) 


02.01 

0940 

30625800 

S 

02.03 

0915 

30527100* 

S 

02.01 

0947 

26945000 

s 

02.03 

0918 

18334100* 

s 

02.06 

0919 

32344700* 

F 

02.01 

0935 

31523500 

s 

02.03 

0910 

21483700* 

s 

02.03 

0910 

51400* 

F 

0202 

1030 

1 

FF 

02.03 

1240 

1086300 

F 

02.01 

1320 

462000 

F 

02.04 

1045 

20962000 

S 

02.04 

1345 

30900* 

F 

02.08 

1550 

26532800 

S 

02.08 

0900 

1100* 

F 

02.05 

1535 

8900 

F 

02.08 

1540 

1 

FF 

129 


ROTATING  BEAM  FATIGUE  TEST  DATA  fCONT’D^ 


- (2)(3)  (4) - (5) _ (6)  (7) _ (8) _ (9)  GO) 


B56@  2 

1 

65 

101 

02.08 

B66 

2 

1 

65 

101 

02.08 

B66 

2 

1 

70 

108 

02.11 

B12 

4 

2 

70 

108 

02.09 

B13 

4 

2 

65 

101 

02.09 

B13 

4 

2 

70 

108 

02.11 

B13 

4 

2 

80 

123 

02.16 

B22 

3 

2 

65 

101 

02.09 

B21 

1 

3 

65 

101 

02.09 

B21 

1 

3 

70 

108 

02.11 

B21 

1 

3 

80 

123 

02.16 

B9 

1 

2 

60 

94 

02.22 

B9 

1 

2 

70 

108 

02.24 

B9 

1 

2 

80 

123 

02.26 

BIO 

2 

1 

60 

94 

02.22 

BIO 

2 

1 

70 

108 

02.24 

BIO 

2 

1 

80 

123 

02.26 

B29 

3 

3 

60 

94 

02.22 

B29 

3 

3 

70 

108 

02.24 

B29 

3 

3 

80 

123 

02.26 

B7 

2 

2 

60 

94 

02.26 

B7 

2 

2 

70 

108 

03.01 

02.08 

1550 

1500 

F 

02.11 

1605 

22314000 

S 

02.16 

1605 

23697900* 

F 

02.09 

1350 

8300 

F 

02.11 

1415 

201 15800 

S 

02.16 

1603 

40680000* 

S 

02.16 

0915 

958700* 

F 

02.10 

1425 

4391900 

F 

02.11 

1445 

20108300 

S 

02.16 

1632 

46488700* 

S 

02.17 

0910 

2890000* 

F 

02.24 

1100 

20250100 

S 

02.26 

1150 

19802100* 

S 

03.01 

0800 

30318000* 

S 

02.24 

1120 

20370200 

S 

02.26 

1030 

19975000* 

s 

03.01 

0830 

16100* 

F 

02.24 

1300 

20220100 

s 

02.26 

1035 

21369000* 

s 

02.26 

0835 

397100* 

F 

03.01 

0950 

24618200 

S 

03.01 

2065 

3996500* 

F 
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ROTATING  BEAM  FATIGUE  TEST  DATA  (CONT’D) 


0) 

am 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

rqh 

B23@  2 

3 

55 

87 

03.08 

03.10 

1325 

20125200 

s 

B23 

2 

3 

60 

94 

03.10 

03.12 

1424 

20092400* 

s 

B23 

2 

3 

75 

116 

03.12 

03.12 

1538 

60700* 

F 

B24@  3 

3 

55 

87 

03.10 

03.12 

1420 

230040100 

S 

B24 

3 

3 

60 

94 

03.12 

03.15 

1632 

22535100* 

S 

B24 

3 

3 

75 

116 

03.15 

03.15 

0924 

18900* 

F 

B25 

3 

3 

80 

123 

03.15 

03.15 

1550 

74400 

F 

B44 

1 

3 

80 

123 

03.16 

03.16 

1105 

152200 

F 

B38 

1 

3 

75 

116 

03.18 

03.19 

1434 

8560300 

F 

B46@  3 

3 

75 

116 

03.18 

03.18 

1532 

1 

FF 

B50 

3 

3 

75 

116 

03.18 

03.21 

1556 

28987600 

F 

B14& 

1 

3 

55 

87 

03.08 

03.08 

1045 

1 

FF 

B17 

1 

3 

55 

87 

03.08 

03.10 

1122 

20427300 

S 

B17 

1 

3 

60 

94 

03.10 

03.12 

1008 

20618100* 

S 

B17 

1 

3 

75 

116 

03.12 

03.12 

0828 

154000* 

F 

B37 

1 

2 

70 

108 

12.18 

12.23 

0830 

30000000 

S 

B37 

1 

2 

80 

123 

12.23 

12.23 

0840 

388600* 

F 
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F  :  Fatigue  fracture 
FF :  fast  fracture  in  setup 

5  :  suspension  (runout) 

*  :  test  with  specimen  survived  from  test  at  lower  stress  levels. 
@  :  sent  to  University  of  Florida  (AFOSR  Program) 

6  :  sent  to  Norton/Cerbec  (ARPA  Program) 
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APPENDIX  B 


MAXIMUM  LIKELIHOOD  ANALYSIS  FOR  MULTIPLE  LOAD  TESTS 
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APPENDIX  B 

MAXIMUM  LIKELIHOOD  METHOD 
FOR  WEIBULL  ANALYSIS  WITH  PARAMETERS  /3  AND  n 
FOR  TESTS  WITH  MULTIPLE  STEP  LOADING 


Let  F(x)  be  the  probability  that  a  unit  will  fail  before  it  acquires  x  units  of  operating  cycles. 

J 

F(x)  =  1  -  exp  [  -  (E  X.  ffj"  /x,/  1 

j  =  l 

where 


(3  =  the  Weibull  slope 
n  =  the  stress  -  life  exponent 
Xo=  a  scale  parameter 
j  =  load  step  index 
J  =  number  of  maximum  load  step 


The  probability  distribution  function  f(X|)=  dF(x)/dXij  is  given  by 


f(Xi)  =  ffa/Zx/  (Xij  Uij"  exp  [  -(E  Xjjaij"/x„)^  ] 

where  i  =  specimen  index  number 

Uy  =  the  stress  level  of  the  ith  specimen  and  j-th  load  step. 

Xij  =  number  of  stress  cycles  for  the  i-th  specimen  at  the  j-th  load  step. 

When  r  samples  run  to  failure  and  the  remaining  k  units  are  unfailed  (or  suspended),  the 
likelihood  function  for  the  censored  samples  (where  not  every  unit  has  run  to  failure)  is  given 
by 

r  k 

L  =  n  f(Xi)  n  [  1-  F(  Tj  )  ] 
i=l  j=l 

where 
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r  =  number  of  units  run  to  failure 

k  =  number  of  unfailed  units 

x,,X2,X3...Xr  =  known  failure  cycles 
T,,T2 . T|(  =  operating  time  for  each  unfailed  unit. 


The  maximum  likelihood  method  finds  the  values  of  /J,  n  and  x,,,  which  maximize  the  likelihood 
function  L.  In  practice,  it  is  more  convenient  to  maximize  the  quantity  fn(L). 

Letting 

f  =  £  fn  f(Xi)  =  r  fn  j8  +  n  E  fn  Ui,  -  iSr  fn  x^  +(/3-l)  £  fn  Y;  -  E  (Y-Jx^ 
i  =  l  i=l  i  =  l  i  =  l 


Yi  =  p  Xy  (Tij" 

J=1 

J 

Zi  =  E  Xij  ffy"  fn  Uij 
J  =  1 


By  differentiating  the  logarithm  of  the  likelihood  function  L  with  respect  to  /3,  n  and  x^  and 
setting  to  zeros  as  follows: 

r  n 

de/d(3  =  r//?  -  r  fn  x„  +  E  fn  Yi  -  E  (Y/x/  fnCY/x^)  =  0 

i=l  i=l 


de/dx,  =  -  T0/Xo  +  /3  x/-‘  E  Yi^  =  0 

i=l 


de/dn  =  E  fn  a,,  +  (/3-1)  E  (Z/Yi)  -  |8x/  E  Zi  Y;^  '  =0 
i=l  i=l  i=l 

The  three  unknowns,  i.e.,  /S,  n  and  x,,  are  to  be  solved  from  the  above  three  equations  using  a 
nonlinear  equation  solver. 


The  unknown  x^  is  to  be  solved  from 
x„  =  [EYi^/r]''^ 
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APPENDIX  C 

EFFECTIVE  STRESS  VOLUME  OF  RBF  SPECIMENS 
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Appendix  C 

Formulas  for  Effective  Stress  Volume  aud  Stressed  Area 
for  a  Rotatiug  Beam  Specimeu 

The  effective  stressed  volume  V^fr  =  J  (ff/Of)™  dV 
The  effective  stressed  area  S^ir  =  |  dS 

where  dV  and  dS  are  respectively  the  elemental  volume  and  surface  area  of  the  specimen  at  the 
neck  down  section. 

a  is  the  stress  in  the  axial  direction  of  the  specimen  under  bending  and  Of  is  the  maximum  tensile 
stress  in  the  specimen. 

dV  =  2Trrdrdz  ,  dS  =  27rRdz/cos0 

where  r,  z  are  the  coordinates  in  the  cylindrical  coordinate  system  with  its  origin  at  the  center 
of  the  specimen.  R  =R(z)  is  the  outer  radius  of  the  specimen,  d  is  the  angle  between  the  z-axis 
and  the  tangent  at  surface  on  the  r-z  plane. 

Note  that 

R  =  Ro  +  Re  -  (R,^  -  z^ 
and  using 

z=Re  .sin0  ,  dz  =  Re  cos0d0 

where  R^  is  the  value  of  R  at  z—0,  the  center  of  the  specimen  and  Re  is  the  radius  of  the 
profile. 

The  stresses  are  expressed  by 

a  =  M  r/I  ,  af  =  M„  R,,/  I„ 

Using  the  approximation  that  M-M^  and  I/I„  =  (R/Ro)"* 
a/Of  —  Ro3  r/R"* 
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Thus, 


Ve,r=  1  (a/a')"’ dV  =  27rr„3,  j  J  R-^^r+'clrdz- 

=  27rR„3,„/(m+2)  <  dz/R^"'-^  =  27rR,/(m+2)  f  cos6/ R^(R„/R)'^"'d0 
Seff  =  J  iola.T  dS  =  2xR„3„  |  R-n+i/R'""  dz/cos0  = 

=  27rR,  \  R  (R„/R)3"'  dO 

The  above  two  integrals  can  be  integrated  for  the  range  to  e„  using  Gaussian  quadrature 
technique. 
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APPENDIX  D 

FAFNIR  BEARING  TEST  LABORATORY 
HYBRID  BEARING  TESTING  REPORT 
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FAFNIR  BEARINGS  DIVISION 
ENGINEERING  TEST  REPORT 


Report  No:  1712  L268 


Subject  PERFORMANCE  OF  TWO  LOTS  OF  MMV206K4  FS649A 
HYBRID  BEARINGS  WITH  DIFFERENT  CERAMIC  BALL 
MANUFACTURERS 

Date: 

July  22.  199.t 

Requested  By: 

Y.P.  Chiu 

Conducted  By: 

K.  Galitello/H.  Daverio 

Reference: 

Approved  By:_ 

Copies  To 

Critically  Restricted 

Restricted 

Internal  Use 

General  | 

OBJECT: 

Perform  testing  for  DARPA/U.S.  Air  Force  under  Contract  #F33615-92-C-5910  to 
determine  the  performance  of  two  lots  of  MMV206K4  FS649A  hybrid  bearings.  The 
first  lot  assembled  with  CERBEC  NBD-200  Silicon  Nitride  balls,  and  the  second  lot 
assembled  with  Toshiba  TSN-03H  Silicon  Nitride  balls. 

CONCLUSIONS: 

Testing  of  four  CERBEC  NBD-200  groups  resulted  in  one  group  with  a  bearing 
failure  at  13.6  hours  due  to  a  spalled  ball  The  remaining  three  groups  were 
suspended  with  no  failure  at  over  1,500  hours.  No  Weibull  plot  was  performed  due  to 
only  one  failure  in  this  lot. 

Testing  of  four  Toshiba  TSN-03H  groups  resulted  in  a  failure  in  each  group  with  50. 1 
hours,  142.3  hours,  173.2  hours  and  183.2  hours.  A  Weibull  plot  shows  an  LIO  of 
124.2  hours,  which  is  3.9  times  the  calculated  life  of  3 1 .5  hours.  (See  Figure  65). 


K.  Galitello 
H.  Daverio 
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FBD  Engineering  Test  Report:  1712  L268  -  Figure  65  Weibull  Plot  of  Failure  Probability  of  Hybrid 
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RESULTS: 

Results  of  testing  four  groups  of  six  bearings  per  group  for  each  lot  of  MMV206K4  FS649A  beari  igs 
assembled  with  CERBEC  NBD-200  and  MMV206K4  FS649A  bearings  assembled  with  Toshiba 
TSN-03H  Silicon  Nitride  balls  is  shown  in  Tables  19  and  20. 

All  bearing  failures  were  due  to  spalling  of  the  ceramic  balls.  There  were  no  failures  in  any  of  the 
bearing  rings.  One  bearing  in  the  Toshiba  group  experienced  four  spalled  balls,  which  may  have  been 
due  to  the  shutoff  setting  on  the  test  rig  vibration  shutoff  device  (Robertshaw  Model  366  Vibraswitch 
Malfunction  Detector).  All  other  bearing  failures  were  due  to  one  spalled  ball  in  each  bearing. 


Ball  Manufacturer 

#  Bearings  Tested 

#  Bearings  Failed 

CERBEC 

24 

1 

Toshiba 

24 

4 

A  WeibuU  Graph  for  the  Toshiba  lot  is  shown  in  Figure  65  (LIO  =  124  hours),  while  a  Weibull  Graph 
was  not  plotted  for  the  CERBEC  lot  due  to  only  one  bearing  failure. 

DETAILS: 

Bearing  type  MMV206K4  FS649A  inner  and  outer  rings  were  received  and  inspected  for  inner  and 
outer  race  manufacturing  surface  defects.  Twenty-four  bearings  were  assembled  with  CERBEC  NBD- 
200  Silicon  Nitride  balls  and  24  bearings  assembled  with  Toshiba  TSN-03H  Silicon  Nitride  balls. 

Bearing  bore,  O.D.  and  radial  play  were  measured  and  recorded  along  with  ball  manufacturer,  ball 
diameter,  shaft  diameter  and  housing  bore  for  all  test  bearings.  Results  are  shown  in  Tables  21  and  22. 

Bearings,  housings  and  shafts  were  ultrasonically  cleaned  then  lubricated  before  testing.  Bearings  were 
pressed  onto  the  test  shaft  with  an  average  interference  fit  of  0.0003”.  Housings  were  slip  fit  onto  the 
bearings  with  0.0004”  clearance.  Oil  caps  were  placed  to  secure  the  outer  ring  from  rotation  and 
provide  lubrication  to  the  bearings. 


1712.TLR:kms 
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TABLE  19 


1  Test  Lives  of  Hybrid  Bearing  with  NBD-200  Balls 

MMV206K4  FS649  Hybrid  Bearing 
j  Speed:  3,000  rpm 

1  Radial  Load:  1,175  lbs. 

Lube:  0.09  gal./min.  of  Mobil  DTE  Extra  Heavy  Oil 

Ball  &  Inner  Race  Contact  Stress:  5 1 5.2  ksi 

Calculated  L 1 0  =  3 1 . 5  hours 

1  Group 

Bearing# 

Hours  Run 

Post-run  Condition 

1 

527-92 

1,509.9 

Suspended 

528-92 

1,509.9 

Suspended 

529-92 

1,509.9 

Suspended 

530-92 

1,509.9 

Suspended 

531-92 

1,509.9 

Suspended 

532-92 

1,509.9 

Suspended 

2 

533-92 

17.9 

Suspended 

534-92 

17.9 

Suspended 

535-92 

13.6 

Spalled  Ball 

536-92 

13.6 

Suspended 

537-92 

17.9 

Suspended 

538-92 

17.9 

Suspended 

3 

539-92 

1,511,7 

Suspended 

540-92 

1,511,7 

Suspended 

541-92 

1,511.7 

Suspended 

542-92 

1,511.7 

Suspended 

543-92 

1,511.7 

Suspended  j 

544-92 

1,511.7 

Suspended  | 

4 

545-92 

1,509.7 

Suspended  j 

546-92 

1,509.7 

Suspended  j 

547-92 

1,509.7 

Suspended  I 

548-92 

549-92 

Suspended 

550-92 

1,509.7 

Suspended 

« 
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TABLE  20 

Test  Lives  of  Hybrid  Bearing  with  TSN-03H  Balls 
MMV206K4  FS649  Hybrid  Bearing 
Speed:  3,000  rpm 
Radial  Load:  1,175  lbs 

Lube;  0.09  gal./min.  of  Mobil  DTE  Extra  Heavy  Oil 
Ball  &  Inner  Race  Contact  Stress:  5 1 5.2  ksi 
Calculated  LIO  =  31.5  hours 


I  Group 

Bearing# 

Hours  Run 

Post-run  Condition  j 

1 

258-93 

173.2 

259-93 

173.2 

260-93 

190.9 

Suspended 

261-93 

190.9 

Suspended 

262-93 

190.9 

Suspended 

263-93 

190.9 

Suspended 

2 

264-93 

189.2 

Suspended 

265-93 

189.2 

Suspended 

266-93 

183.2 

4  Spalled  Balls 

267-93 

183.2 

Suspended 

268-93 

189.2 

Suspended 

269-93 

189.2 

Suspended 

3 

270-93 

71.6 

Suspended 

271-93 

71.6 

Suspended 

272-93 

71.6 

Suspended 

273-93 

71.6 

Suspended 

274-93 

50.1 

Spalled  Ball 

275-93 

50.1 

Suspended 

4 

276-93 

142.3 

Spalled  Ball 

277-93 

142.3 

Suspended 

278-93 

148.2 

Suspended 

279-93 

148.2 

Suspended 

280-93 

148.3 

Suspended 

281-93 

148.3 

Suspended 
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TABLE  21 

Dimensional  Inspection  Data  of  Hybrid  Bearing  with  NBD-200  Balls 
MMV206K4  FS649  Hybrid  Bearings  Assembled  with  CERBEC  NBD-2(X)  Balls 

Speed:  3,000  rpm 
Radial  Load;  1,175  lbs. 

Lube:  0.09  gal./min.  of  Mobil  DTE  Extra  Heavy  Oil 
Ball  &  Inner  Race  Contact  Stress:  5 1 5.2  ksi 
Calculated  LIO  =  31.5  hours 


Group 

Bearing# 

ffiSH 

KSH 

Radial  Play 
(Inches) 

HBSi 

1 

527-92 

1.1810 

2.4406 

0.0016 

9  at  0.374961 

528-92 

1.1810 

2.4406 

0.0009 

9  at  0.374961 

529-92 

1.1810 

2.4406 

0.0009 

9  at  0.374961 

530-92 

1.1810 

2.4406 

0.0016 

9  at  0.374961 

531-92 

1.1810 

2.4406 

0.0013 

1  at  0.374961 

8  at  0.374963 

532-92 

1.1810 

2.4407 

0.0011 

9  at  0.374963 

2 

533-92 

1.1810 

2.4407 

0.0012 

9  at  0.374963 

534-92 

1.1810 

2.4406 

0.0012 

535-92 

1.1810 

2.4407 

0.0008 

9  at  0.374963 

536-92 

1.1810 

2.4406 

0.0009 

9  at  0.374963 

537-92 

1.1810 

2.4406 

0.0007 

9  at  0.374963 

538-92 

1.1810 

2.4407 

0.0007 

9  at  0.374964 

3 

539-92 

1.1810 

2.4406 

0.0014 

9  at  0.374964 

540-92 

1.1810 

2.4406 

0.0011 

9  at  0.374964 

541-92 

1.1810 

2.4406 

0.0009 

9  at  0.374964 

542-92 

1.1810 

2.4406 

0.0012 

9  at  0.374964 

543-92 

1.1810 

2.4406 

0.0010 

4  at  0.374964 

5  at  0.374967 

544-92 

1.1810 

2.4406 

0.0011 

9  at  -.374967 

4 

545-92 

1.1810 

2.4406 

0.0012 

9  at  -.374967 

546-92 

1.1810 

2.4406 

0.0009 

9  at  -.374967 

547-92 

1.1810 

2.4406 

0.0010 

9  at  -.374967 

548-92 

1.1810 

2.4406 

0.0008 

9  at  -.374967 

549-92 

1.1810 

2.4406 

0.0009 

9  at -.374967 

550-92 

1.1810 

2.4407 

0.0014 

9  at  -.374967 
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TABLE  22 

Dimensional  Inspection  Data  of  Hybrid  Bearings  with  TSN-03H  Balls 
MMV206K4  FS649  Hybrid  Bearings  Assembled  with  Toshiba  TSN-03H  Balls 

Speed;  3,000  rpm 
Radial  Load :  1 , 1 75  lbs. 

Lube:  0.09  gal./min.  of  Mobil  DTE  Extra  Heavy  Oil 
Ball  &  Inner  Race  Contact  Stress:  5 1 5.2  ksi 
Calculated  LIO  =  31.5  hours 


Group 

Bearing# 

Bore 

(Inches) 

O.D. 

(Inches) 

Radial  Play 
(Inches) 

1 

258-93 

1.1810 

2.4406 

0.0011 

9  at  0.375020 

259-93 

1.1810 

2.4406 

0.0010 

9  at  0.375020 

260-93 

1.1810 

2.4406 

0.0015 

9  at  0.375020 

261-93 

1.1810 

2.4406 

0.0010 

9  at  0.375020 

262-93 

1.1810 

2.4406 

0.0008 

9  at  0.375020 

263-93 

1.1810 

2.4407 

0.0012 

9  at  0.375020 

2 

264-93 

1.1810 

2.4407 

0.0010 

9  at  0.375020 

265-93 

1.1810 

2.4406 

0.0015 

9  at  0.375020 

266-93 

1.1810 

2.4406 

0.0010 

9  at  0.375020 

267-93 

1.1810 

2.4406 

0.0011 

9  at  0.375020 

268-93 

1.1810 

2.4406 

0.0014 

9  at  0.375020 

269-93 

1.1810 

2.4406 

0.0010 

9  at  0.375020 

3 

270-93 

1.1810 

2.4406 

0.0009 

9  at  0.375020 

271-93 

1.1810 

2.4406 

0.0010 

9  at  0.375020 

272-93 

1.1810 

2.4406 

0.0015 

9  at  0.375020 

273-93 

1.1810 

2.4406 

0.0008 

9  at  0.375020 

274-93 

1.1810 

2.4406 

0.0010 

9  at  0.375020 

275-93 

1.1810 

2.4406 

0.0014 

9  at  0.375020 

4 

276-93 

1.1810 

2.4406 

0.0016 

9  at  0.375020 

277-93 

1.1810 

2.4406 

0.0009 

9  at  0.375020 

278-93 

1.1810 

2.4406 

0.0008 

9  at  0.375020 

279-93 

1.1810 

2.4406 

0.0010 

9  at  0.375020 

280-93 

1.1810 

2.4406 

0.0013 

9  at  0.375020 

281-93 

1.1810 

2.4406 

0.0009 

9  at  0.375020 
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nF.TATLS  tcont  l: 

Testing  was  done  in  three  standard  endurance  machines  (Figures  66  and  67),  and  bearings  lubricated 
with  0.09  gallons/minute/bearing  of  Mobil  DTE  Extra  Heavy  oil  at  1 10°F  from  the  central  lubrication 
system.  Calculated  Lambda  is  7.09  microinches. 

Bearings  were  tested  under  1 , 1 75  lbs.  radial  load  with  a  maximum  ball  and  inner  ring  contact  stress  of 
512.2  ksi  (3.55  Gpa)  and  run  at  3,000  rpm.  Each  type  of  MMV206K4  FS649A  hybrid  bearing,  with 
CERBEC  NBD-200  and  Toshiba  TSN-03H  Silicon  Nitride  balls,  consisted  of  four  groups  of  six 
bearings  per  group.  Each  group  was  run  until  1,500  hours  or  one  bearing  failure  occurred  within  the 
group.  Calculated  LIO  was  31.5  hours. 

The  test  rig  failure  detection  system  consists  of  a  Robertshaw  Model  366  Vibraswitch  Maliunction 
Detector  set  to  shut  the  test  rig  ofi"  at  vibration  levels  higher  than  normal  rig  operation.  See  attached 
Robertshaw  specification  sheet. 
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GENERAL  DESCRIPTION 

The  Model  366  VIBRASWITCH  is  a  vibration  sensitive  device  that 
protects  rotating  and  reciprocating  machinery  from  extensive  da¬ 
mage  resulting  from  mechanical  malfunction.  When  the  vibration 
level  of  a  VIBRASWfTCH-protected  machine  exceeds  normal  by  a 
preselected  amount,  an  internal  switch  doses,  actuating  either  an 
audible  warning  system  ora  shutdown  circuit  before  costly  damage 
occurs.  Failing  bearings,  broken  blades  and  similar  malfunctions 
cause  increased  imbalance  or  high  frequency  vibration  detectable 
with  the  VIBRASWITCH.  It  is  designed  for  maintenance-free  ser¬ 
vice  in  permanent  installations  where  general  purpose  weather-re¬ 
sistant  enclosures  are  required. 

The  VIBRASWITCH  is  an  acceleration  sensitive  instrument  that 
measures  the  total  acceleratory  shock  present  on  the  machine. 
Acceleration  is  a  vibration  characteristic  of  prime  importance  in 
cases  of  mechanical  failure  on  reciprocating  or  rotating  machinery. 
Acceleration  is  directly  related  to  the  shock  forces  (impact)  acting 
on  a  machine  -  thus  the  VIBRASWITCH  offers  a  valid  measure¬ 
ment  of  the  destructive  forces  acting  on  the  machine. 

Acceleratory  measurements  made  by  the  VIBRASWITCH  are  the 
summation  fo  all  of  the  individual  accelerations  giving  a  total  de¬ 
structive  force  acting  on  the  machine  -  the  result  is  positive  pro¬ 
tection. 


PRINCIPLE  OF  OPERATION 

The  Model  366  VIBRASWITCH  employs  a  magnetic  circuit  oppos¬ 
ed  by  inertial  and  adjustable  spring  forces  in  the  actuating  mech¬ 
anism.  Operation  of  the  VIBRASWITCH  may  be  understood  by 
reference  to  Figure  1. 

The  armature  is  constrained  so  as  to  respond  to  only  one  direction 
of  movement  by  a  frictionless  flexure  pivot  composed  of  two  over¬ 
lapping  blocks  and  a  leaf  spring  loaded  in  one  direction  to  hold  the 
blocks  together.  The  armature  rotates  on  the  pivot  being  forced  in 
one  direction  by  the  adjusting  spring  force  and  the  other  direction 
by  the  magnetic  force. 

When  the  entire  assembly  is  subjected  to  vibration  perpendicular 
to  the  base,  the  peak  acceleration  times  the  effective  mass  of  the 
armature  produces  an  inertial  force,  aided  by  the  adjustable  spring 
tending 'to  pull  the  armature  away  from  the  stop  pin  and  the  re¬ 
straining  force  of  the  magnet.  When  the  peak  acceleration  exceeds 
the  set-point  level  the  armature  leaves  the  stop  pin,  inaeasing  the 
gap  and  decreasing  the  force  with  the  armature  continuing  to  move 
up  until  it  reaches  the  latch  magnet,  actuating  the  switch  during  its 
upward  travel. 

The  VIBRASWITCH  may  be  reset  by  depressing  the  reset  button 
or  by  applying  power  to  the  electrical  reset  coil.  The  effect  of  tem¬ 
perature  in  the  mechanism  is  negligible  as  the  elastic  modulus  of 
the  adjusting  spring  and  the  magnetic  flux  through  the  air  gap  both 
decrease  slightly  with  inaeasing  temperature  thereby  com|>ensating 
each  other. 


PRODUCT  SPECIFICATION  MODEL  366 

VIBRASWITCH® 
MALFUNCTION 
DETECTOR 
Model  366 


VIBRASWITCH  MODEL  366 
APPROVED 

FEATURES  AND  BENEFITS 

•  Acceleration  sensitive  - 

Measures  total  destructive  shock,  not  displacement. 

•  No  maintenance  - 

No  moving  parts  except  when  set-point  is  exceeded. 

•  Continuous  protection  - 

No  attention  required  after  installation. 

•  Long  life  — 

Instrument  is  rugged  and  durable— no  wearing  parts. 

•  Reset  — 

Choice  of  remote  electrical  or  manual  at  unit. 

•  Self  powered  - 

Does  not  require  any  form  of  external  power  to 
operate. 

•  @  Approved 
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SPECIFICATIONS 


ORDERING  INFORMATION  AND  MODEL  NUMBERS 


i 


s 


> 


Enclosure . General  purpose,  meets  weather 

resistant  NEMA  4  specifications 

Enclosure  Materials 

Cover . High  impact  ABS  thermoplastic 

Base . Type  360  (Cu  Free)  Aluminum 

Set-Point  Range . 0-4.5g,  adjustable  Ig  per  turn 

Accuracy . ±  5%  of  full  range  at  frequencies 

up  to  300  Hz 

Contact  Ratings 

Designation  “A”; . 5a  at  1 20,  240  or  460  vac, 

non-inductive,  0.5a  at  1 15  vdc,  2a 
at  48  vdc,  3a  at  or  below  24  vdc. 

Designation  “D”; . 5  amps  at  125-250  vac; 

3  amps  at  30  vdc. 

Contact  Arrangements . SPDT,  or  DPDT 

Temperature  Limits . Maximum  ■t200OF; 

Minimum  -40OF 

Reset  Coil . 120  VAC  or  DC 

Weight; 

Net . 2  lbs. 

Shipping .  2.5  lbs. 

Accessory  Equipment  (optional) 

Model  563A  Vibration  Monitor  is  available 
with  “surting  time  delays"  and  “monitoring 
time  delays”  to  prevent  false  shutdown  or 
alarm  conditions. 

Related  Product 

Vibraswitches  with  built-in  start  and  moni¬ 
toring  delays  are  available.  See  PS  375A/376A. 

CUSTOMER  CONNECTIONS 
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“STANDARD  MODEL  366  -  AS  It/ 


suL-osi.  “aic^v: 

KEY  MODEL  NUMBER 

Designation 

Descnplion 

*  366 

VIBRASWITCH*^ 

^  Approved 

ENCLOSURE  4  and  5 

Equivilant;  NEMA  -  4  &  NEMA  -  12 

Range  0-4 .5G 

1 

ABLE  1  -  SWITCH  CONTACTS 

Designation 

Description 

*  A 

D 

SPDT  Single  pole,  double  throw  load 
contacts. 

DPDT  (2  gang  mounted  SPDT  load 
switches) 

lABLEJ  -  REMOTE  RE.«5ET 

Designation 

Description 

2 

4 

•8 

24  volt  dc  reset  coil  voltage. 

48  volt  dc  reset  coil  voltage. 

120  volt  ac  or  dc  coil  voltage 

Note.  Other  reset  coil  voltages  available  on  special  order- 
Consult  factory. 


ACCESSORY  ITEMS  (MODELS  365  &  366) 


Part  Number 

Descrip  don 

•  See  Notes  Below 

260-OG453 

Space  heater  for  mainuining  internal  of 

unit  moisture  free  —  120  volt  models. 

26<W)G-359 

Same  —  48  vdc  models. 

260-GG-220 

Same  —  24  vdc  models. 

Nole:#l  Use  option  ”D”  when  required  with  Vibration  Monitors 
Note:4l^2  Addition  of  Space  Heater  to  ”D” 


option  Consult  Factory. 


U.S.A 

Robertshaw  Controls  Company 
Tennessee  Division 
2318  Kingston  Pike,  S.W. 

P.O.  Box  400 

Knoxville,  Tennessee  37901-0400 

TWX:  810-583-0143  Telephone:  (615)  546-0550 

Exports 

Robertshaw  International  Sales  Company 
1701  Byrd  Avenue 
Richmond.  Virginia  23230-301 1 
Telephone:  (804)  281-0700 

Canada: 

Robertshaw  Controls  Canada,  Inc. 

5785  Kennedy  Road 

Mississauga.  Ontario,  Canada  L4Z  2G3 

Terephone:  (416)  625-0805 


Appendix  E 

The  Equivalent  Bearing  Cycles  and  Bearing  Revolution  for  the  Non-track  Forming  Case 

In  the  case  when  the  ball  rotational  axis  is  not  stationary  with  respect  to  the  bearing  axis,  no 

track  will  be  formed  on  the  ball.  In  this  non-track  forming  case,  the  orientation  of  the  ball 

rotational  axis  shifts  gradually  with  time,  such  that  all  the  surface  elements  of  the  ball  will  be  * 

rolled  over.  It  can  be  assumed  that,  for  a  long  period  of  time,  each  of  the  surface  elements  on  ^ 

the  ball  will  be  subject  to  an  equal  number  of  contact  cycles  of  the  outer  ring  and  inner  ring 

contacts. 

Based  on  the  above  assumption,  the  number  of  ball  cycles  required  to  generate  one  contact  pass 
on  the  surface  element  on  the  ball  may  be  approximated  as  the  ratio  of  ball  surface  area  (Ap)  and 
the  area  of  the  rolling  track  on  the  ball  (AJ. 

Thus  for  non-track  forming  balls,  the  number  of  bearing  revolutions  to  generate  a  contact  pass 
on  the  ball  surface  element  is  called  the  equivalent  bearing  cycles  (denoted  by  N^),  which  is 
given  by 

N,  =  flp/Qb  (Ap/AJ  =27/(l-y  )xAp/A, 
where  Ap  =  tt  ,  the  area  of  the  ball  surface  and 
At  2  TT  a,t,3,t  D 

where  a^ta,  is  the  semi-major  axis  of  the  inner  or  outer  ring  contact  ellipses. 

Note  that  for  a  track-forming  ball,  the  number  of  bearing  revolutions  to  generate  a  contact  pass 
on  the  track  is  given  by 

The  ratio  of  the  equivalent  bearing  cycles  in  a  non-track-forming  ball  to  the  bearing  revolution 
for  a  track-forming  ball  is 

Ap  /At  =  ‘/2  D/a,„3,  • 

« 

For  the  pure  thrust  loaded  Cerbec  test  bearing,  the  semi-major  axes  at  the  iimer  and  outer  ring 
contacts  have  been  calculated  (see  Table  18).  From  Section  6.3.1,  we  have  I2o/^b  =  0.1675. 


152 


The  equivalent  bearing  cycles  Ng  are  calculated  below  for  the  inner  and  outer  ring  contacts: 

a^ax  Ap/A,  Ne 

Inner  ring  contact  2.11mm  2.63  0.440 

Outer  ring  contact  1.84mm  3.02  0.506 


